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ABSTRACT

\\\ $ﬁ\

Twelve plasma arc heater facilities participated in a round-robin
study to determine the feasibility of a standardized ablation test pro-
cedure. Teflon and high-density phenolic-nylon models having the same
shape and size were supplied by Stanford Research Institute, and were
evaluated at various enthalpies and heating rates under supersonic condi-
tions. Calorimeters and pressure probes were also supplied by SRI, and
interpretation of the results indicated that the best description of the
test environment was given by the stagnation point heating rate and
pressure. The mass loss rates for both materials as obtained from all
facilities could be correlated in terms of these two parameters with a

standard deviation of approximately 11%. \
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SYMBOLS

Nozzle throat area—ft?
Area—ft?

Specific heat—Btu 1b~! °F-!
Nozzle exit diam.—inch

Nozzle throat diam.—inch
Total stream enthalpy—Btu lb~!
Cold wall enthalpy—Btu 1b-!
Hot wall enthalpy—Btu 1b~!

Enthalpy potential calculated from &SRI——Btu 1b-!
cw

Enthalpy potential calculated from ﬁFAC—-Btu 1p-1
cw

Enthalpy potential calculated from &SRI——Btu 1b-!
HW

Enthalpy potential from h, measured by the facility—Btu lb~!

Enthalpy potential h,Z calculated by sonic flow method—Btu 1b~!

t
. ~ aw )
Effective heat of ablation —— —Btu 1b~
[.nt
Pyrolysis rate ump = my + hcp——lb sec™lfe=2
Total mass loss rate—lb sec~!f¢-?

Total mass loss rate for phenolic-nylon—I1b sec~!ft-?2

Total mass loss rate for Teflon—1b sec~1ft-2

Vapor production rate ﬁv = Mm, ~ mcp

Char production rate—1b sec™!ft~?2

Char recession rate—Ilb sec-!ft-2

Arc chamber or plenum pressure—atm



Model stagnation pressure—atm

Percent standard deviation

Heat transfer rate, cold wall—Btu sec”™:ft™2

Heat transfer rate, hot wall-Btu sec lfr?

Heat transfer rate, Facility calorimeter— Btu sec™!ft™2

Heat transfer rate, SRI calorimeter—Btu sec lfe™?

Model radius—ft

Effective radius of curvature—f{t
Run time—sec

Temperature—°F

Model front surface temperature—°F
Weight—grams or pounds as indicated
Gas flow rate—lb sec™!

Model core length measurements—inches

Model core mass charge—g

Density—1b fr-3




I INTRODUCTION

Ablation - the use of a sacrificial material to protect underlying bodies during
exposure to severe thermal environments, such as during atmospheric re-entry - is
so complex and interrelated a process that it is almost impossible to separate the
various steps out as individual contributions. As a result, and because of the urgent
need for items of hardware, the empirical approach of screening a large number of
materials in various simulation devices has received much attention. Unfortunately,
the results have been difficult to cross-correlate, even those from ostensibly similar
devices.

For this reason the National Aeronautics and Space Administration's Research
Advisory Committee on Materials recommended the establishment of a national test
program with the objective of providing, among other things, data as to the capability
of various test devices to represent thermal flight environments, and standard test
methods. Some question existed, however, as to the technical feasibility of producing
standard test methods.

NASA gave The Stanford Research Institute a contract to conduct a round-robin
test study to determine whether ablation results from different plasma arc heater facili-
ties could be shown to be related. This work was to involve:

1. Definition of realistic environmental conditions.

2. Evaluation of extent to which these conditions are simulated
by existing or projected test devices

3. Conduction of comparative ablation tests on standardized materials
at selected organizations possessing suitable equipment, and
provision of the specialized instrumentation and test models required

4. Correlation of test results with analyses to determine the feasibility
of developing a standardized test.



IT SUMMARY

Selection of test conditions, model dimensions, and materials for
the round-robin ablation program was governed by possible Apollo reentry
environments. Using the first two of these factors as criteria, the
various supersonic arc-heated plasma jet facilities were reviewed analyt-
1ically from published information, and their capabilities were determined
by an inspection visit. Twelve were selected for participation in the

study. Five were government organizations, namely:
y g y
A.  Gas Dynamics Branch—Ames Research Center—NASA

Entry Structures Branch—Langley Research Center——NASA

C. Advanced Materials and Physics Division—Langley Research
Center —NASA

D. Manned Spacecraft Center—NASA

E. Flight Mechanics Division—Wright-Patterson Air Force
Base

The seven industrial organizations were:
A.  AVCO Corporation
Boeing Company
General Dynamics
General Electric Space Technology Center
Giannini Scientific Corporation

Martin Company

£ m P o o w

North American Aviation, Incorporated

Test instruments and ablation models were supplied to each partici-
pant for use in the round-robin test program. The calorimeter and pres-
sure probe were of the same size and configuration as the test models and
the calorimeter had the same sensing area as the core of the model. The

materials used in the models were:
1. Teflon, type TFE, white variety, density = 135 lb/cu ft
2. Phenolic-nylon (50—50%), density = 75 1lb/cu ft



These represented low and high temperature ablators; the former 1s a

subliming material, and the latter a charring type ablator.

Half of the facilities had provisions for two or less insertions
during a test run. In these cases only one measurement of environment
could be made in addition to exposure of the model. In the majority of
cases this was determination of the heating rate by either the SRI or the
facility calorimeter. As a result, a number of calibration runs were
necessary so that more complete information, including stagnation pressure,
could be estimated and reported for the model runs. Comparison of the
stagnation pressure and heating rates as determined by various methods

was therefore important.

The stagnation pressures determined with a facility probe, for those
few facilities that did so, compared with the Institute probe with a
standard deviation of 2.6%. It was therefore concluded that the use of

either probe was satisfactory.

Comparison of the SRI calorimeter with those supplied by each facil-
ity was not as satisfactory. The standard deviation was 16%; in fact,
the facility calorimeters tended to read a little higher than the SRI
calorimeter. This in part can be explained by the smaller sensing areas
of the facility calorimeters and the existence of plasma “coring’ at a
number of the facilities. It should be pointed out that these comparisons
are based on the usual conversion procedure for calorimeter size and the
use of a 0.55 ratio between flat-face and hemisphere readings. Some
evidence was available from work done at FMD-Wright Patterson that, at
high nozzle expansion ratios, departure from equilibrium can cause dif-
ferent readings in calorimeters depending upon the catalyticity of their

surfaces.

The majority of the facilities used the energy balance technique for
determining the total enthalpy of the plasma stream. This was not satls-
factory in those cases where “coring’’ existed, such as at Boeing and
General Electric. Comparison of these values with the enthalpy poten-
tials calculated from the heating rates and stagnation pressure through
the Fay -Riddell relation showed a standard deviation of 46%; this was

reduced to 18% when the Boeing and General Electric data were eliminated.

Determination of the enthalpy by the sonic flow method was not an
improvement over the energy balance value. Its standard deviation, when

compared with the calculated enthalpies, was 29% .

4




The mass loss rate of Teflon was best correlated by the following

relation:

(m ) = 0.0058(4 0.58(p yo0.25
m, rE (qESI) ( t2)

with a standard deviation of 11%. Equally good correlations were obtained
in terms of the stagnation pressure with the SRI calorimeter hot wall
heating rate, and with the facility calorimeter cold wall heating rate,
Correlation of the mass loss rate in terms of the measured enthalpy

potential and stagnation pressure was much less satisfactory, having a

standard deviation of 21%.

Minor adjustment of the exponents in a correlation similar to that
shown above permits relation of the heat of ablation of Teflon to the

calculated hot wall enthalpy potential as follows:

Asr1
HWw
- - 0.49
Heff - R - 38.3 Ahcalc M
{m, ) SRI
Y TFE HW

This has a standard deviation of 21%. Comparison of this relation with
linear forms proposed by others shows its validity for the wide range of

experimental cooditions experienced in the round-robin test program.

Similar mass rate correlations are found for phenolic-nylon. For

instance,

(m)py = 0.0017(qSRI)0'56(9t2)0'13
Cw

with a standard deviation of 11%. A somewhat similar correlation based
on the facility calorimeter is equally good but a phenolic-nylon mass loss
correlation in terms of the measured enthalpy potential has a standard
deviation of 30%. A summary of these correlations for Teflon and phenolic-

nylon is given in Table I.

Correlations of other char parameters with environmental conditions
were not successful. The same was true for back surface temperature rise
and front surface temperature. The latter difficulty was partially due to

technique variations from facility to facility in measuring this value.
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concluded that:

1. A procedure for comparing ablation results (on a given

material) at each plasma arc heater facility is feasible
through use of a standard mass-loss rate,

heating rate,
stagnation-pressure correlation

2. The applicability of the procedure outside the range of
materials, model sizes, and arc heater operating condi-
tions studied in this program is not known.

In addition to these conclusions other findings on the program are:

3. Stagnation pressure measurements as well as heating
rates should be taken during each run

4. The calorimeter should be the same shape and size as
the test sample, and the core on which measurements
are taken should have the same diameter on both

5. A standard calorimeter (for example the SRI calorimeter
used in this study) will provide consistent results
from facility to facility

6. Determination of enthalpy by the energy balance method
1s not very satisfactory, especially if the plasma
stream exhibits a severe heating rate gradient (that
1s, 1f there is a hot plasma core of about the same
size as the test sample).

Another conclusion is:
7. A standard ablation test procedure should involve:

a. Measurement of both heating rate and stagnation
pressure in each run

b. Use of a sample model and a standard calorimeter
of the same shape and dimensions

ITI CONCLUSIONS
Based on the success in correlating the mass loss rate data, it is

c. Use of a plasma column of at least 50% greater
diameter than the test shroud, and with a low
degree of enthalpy coring (as checked by
pressure and heating rate traverses)

|
d. Test durations equivalent to heating loads of ‘
at least 1,000 Btu/sq.ft. for Teflon and
6,000 Btu/sq.ft. for phenolic-nylon samples



A final conclusion was:

8. Additional work is necessary to determine the generality
of the test correlation, extend the range of conditions
studied, and explain the significance of the form of the
correlation.




IV SCOPE

Early in the program, representatives of the Ames Research Center,
Langley Research Center, Manned Spacecraft Center, and Stanford Research
Institute met todetermine the test conditions, model dimensions, and materials
to be evaluated. Initially it was proposed that the enthalpy and heating
fate conditions be selected in terms of possible Apollo environments. How-
ever, such values were difficult to attain in plasma arc devices and as a
result, an enthalpy of 5,000 Btu 1b™! and heating rate of 150 Btu sec !
ft™% were chosen as a common point for all facilities. The other test condi-
tions were to be selected, insofar as possible, to provide a series of points
running generally along a constant stagnation pressure line for the Teflon
models, as well as a series of points at a constant value of enthalpy for

the phenolic-nylon models, plus several cross-comparison points.

The heating rates, of course, are those for the model geometry cho-
sen. The flat-faced, shroud design, indicated in Fig. 1, was selected
because of its ease of construction and on the basis that it represents

a design adopted by many testing organizations.
Two materials were selected for the study, namely:

1. Teflon, type TFE, white variety, density = 135 1b/ft?
2. Phenolic-nylon (50-50%), density = 75 lb/ft?3.

These were chosen as representative types of low and high temperature
ablators. Teflon is also an important material for this program because
it offers an independent means of determining the enthalpy and, as a
subliming material, serves as a control specimen for the test series.

Phenolic-nylon is, of course, a charring ablator.

The round robin would then consist of the exposure of these models
under the conditions indicated at various arc-heated plasma jet facili-
ties. The participants would supply information about test conditions

and the Institute would measure the physical and chemical changes 1in the

models.
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FIG.1 DIMENSIONS OF TEFLON AND PHENOLIC-NYLON MODELS
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V  SELECTION OF PARTICIPATING ORGANIZATIONS

The choice of testing facilities to be contacted was governed by two
primary factors: first, that the test device could accommodate the model
size of 1% inches diameter within the plasma stream; and secopd, that it

would operate in the range of test conditions desired.

Based on Vought Astronautic’s Report No. 00.49 of 18 April 1962
(A Survey of Plasma Arc Heaters), twenty organizations were chosen for
initial contact. Subsequent discussions with interested parties led to
inclusion of an additional twelve. Each of these was notified of the
details of the round-robin ablation program, and asked to indicate its
interest in participating and to advise as to the operating capabilities

of its arc-heated plasma jJet facility.

Expressions of interest were received from twenty of the thirty-two
organizations; one—the Itek Division of Vidya Corporation—withdrew be-
cause of lack of a supersonic facility at that time. This was in excess
of the number of participants planned for inclusion, so arrangements were
made to visit and assess as many of these as possible. To assist in this,
an evaluation form was completed during the visit to each facility, at
which time the program was discussed in detail. In addition to obtain-
ing factual information about the plasma arc heater, the Stanford Research
Institute representative made a subjective rating of the quality of the
equipment, the degree of sophistication of the instrumentation of the

facility, and the experience of the test personnel.

The results of this assessment are shown in Table II, which covers
the interested commercial organizations. Three were not visited—
Douglas Aircraft, Johns Hopkins University, and Republic Aircraft. In

these cases the tabulated information was determined from correspondence.

The evaluation form called for information on actual electric arc
heater performance plus operating limits on enthalpy, arc chamber pres-
sure, and power input. These data were used to estimate the operating
envelopes for each of these supersonic facilities. The results of these

calculations, which were performed in accordance with the method of
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Winovich, ! are contained in Technical Report No. I? on this contract.
The values headed 9p2% ggo i1n Table II were taken from these envelopes
as the maximum heating rate (in Btu ft” 2sec™!) shown by the envelope for

an enthalpy of 5,000 Btu/lb.

The five interested government organizations were not summarized in

Table II because they would be participating in any case. They were:

a. Gas Dynamics Branch--Ames Research Center—NASA
b. Entry Structures Branch-—Langley Research Center—NASA

c. Advanced Materials and Physics Division—Langley Research Center—

NASA

d. Flight Mechanics Division—Wright-Patterson Air Force Base

e. Manned Spacecraft Center-—NASA.

The last of these has a subsonic facility which was included to provide a

comparison between the two test regimes.

The limitation on participants was due to a ceiling on funds for sub-
contracting the round-robin tests. It was therefore necessary to rate the
commercial organizations to permit selection of those to be funded. The

important factors considered in weighing these facilities were:

1. Heating rate capabilities of the test facility, and number of in-
sertions possible per run

2. Apparent quality of the facility’s equipment, instrumentation,
and personnel, as subjectively rated during the visit discussed
previously

3. Ability to measure front surface temperature

4. Unit cost and total cost for performing the program.
A summary evaluation based on these factors is contained in Table III.

Two of the organizations proposed participation at no cost so that
they could gain additional experience and know-how from the study and its
results. This permitted inclusion of more organizations within the funds
available. The ultimate decision was to include the first eight companies
listed in Table III (down through General Electric), plus the five govern-
ment organizations already mentioned. Subsequent to awarding of the con-
tracts, Goodyear withdrew, because of an accident to its facility. This

then provided twelve participants in the final program.
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Table III
RATING OF COMMERCIAL FACILITIES*

ORGANIZATION s TSR 0t R WoeL | cosr | WATING

Giannini Scientific 1 " 2 4 1 1 'y

Corporation
AV(D Corporation 2 % 2 t 1 1 Y
General Dynamics Y 0 2 3 2 1% 9
Goodyear 1 0 2 3 1% 1 83
Martin Company Y ) 2 3 1% 1 82
Boeing Company Y% 0 0 3 2 1% 7
North American Aviation 1 0 1 3 1 1 v
General Electric Space Y V3 0 3 " v b

Technology Center
Douglas A ¥ 0 2 14 1 5h
University of Chicago Y P 0 2 1 1 5
Space Dynamics Y 0 0 2 B Y 3
Johns llopkins University Y 0 1 2 0 0 3t
McDonnell i 0 0 2 0 0 3
Republic Aircraft Y Y2 0 2 0 0 3

*
Weighting based on following criteria applied to information given in Table 1

q max (1.25 in. FF)_
h=5,000 '

-

1 if > 150 Bru sec_lft “; otherwise %

e | VA .
T.: ' if yes; otherwise §
fs ¥

Insertions: 2 1f 2 3; 1 if 25 otherwise 0

Subjective Capability Rating: 4 if extensive; 3 if moderate; 2 if some
Cost/Model: 2 if $0; 1% 1f < $500; 1 1f < $1,000; Vi if < 81,500; otherwise 0
Bid Cost: 1%if $0; 1 if < $10,000; % if < $15,000; otherwise 0.

14




VI ABLATION MODELS AND SRI INSTRUMENTATION

Ablation models and test instruments as shown in Figs. 2 and 3 were

sent to each of the selected participants. A more detailed description

of these are in the following sections,

RA-4512-2

FIG. 2 ASSEMBLED INSTRUMENTS AND TEST SPECIMENS
A. Transient Calorimeter

B. Pitot Probe
C. Phenolic-Nylon Model
D. Teflon Model

A. DESCRIPTION OF MODELS

The Teflon models used in the round-robin ablation program were
machined from forty cylinders, 1.5 inches in diameter by 6 inches long,
furnished to Stanford Research Institute by the Ames Research Center.
The cylinders were molded by the R. S. Hughes Company of Los Angeles of
virgin DuPont TFE 7 white Teflon molding powder. The average specific
gravity of the cylinders was 2.177 (135.6 lb/cu ft). Ames Research

Center made X-ray photographs of the cylinders at 120° planes and found

no inclusions or voids.
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RA-4512-3

FIG.3 EXPLODED VIEW OF CALORIMETER AND MODEL
A. Transient Calorimeter
B. Phenolic-Nylon Test Specimen

The phenolic-nylon models were machined from 12 cylindrical slabs
8 inches in diameter by 1% inch thick. These slabs were molded at the
Ames Research Center with proportions of 50 percent phenolic and 50 per-
cent nylon, using techniques developed at Langley Research Center. The
phenolic and nylon molding powders were first screened to a -30 mesh and
mixed together tor 4 hours in a ball mill. The molding powders were then
placed tn a speciral mold and held for 10 minutes under 30 inches Hg vacuum.

The temperature of the mold was increased gradually to 200°F and held for

16




4 hours. Pressure was then placed on the mold (700 psi) and the tempera-
ture was raised to 300° and held for 45 minutes. The slabs were removed
from the mold, cut in half, and inspected for uniformity. Each slab was
numbered and each half lettered A or B. The material was then post-cured
for 4 hours at 200°F, followed by 16 hours at 300°F. The average specific
gravity of all slabs was 1,191 (74.3 lb/cu ft) and the lot-to-lot variation
in density was less than 0.5 percent. From 6 to 7 models were machined
from each half slab and each model was labeled, designating its origin.

For example, Model No. P2B2 was machined from phenolic slab No. 2
B half, Model No. 2.

The shape and dimensions of all of the Teflon and phenolic-nylon
models were identical and were as shown in Fig. 1. The model shrouds
and cores were weighed (with an analytical balance) before assembly to
the nearest 0.001 g and the length and diameter of the cores were measured

to the closest 0.001 inch with a micrometer,

The model back surface thermocouples were constructed by resistance-
welding 36-gage chromel-alumel wire, and silver-soldering the thermo-
couple to a 0.5-inch diameter by a 0.020-inch-thick copper disc. The
copper discs were then cemented to the back of the core and the core
pressed into the shroud. The 36-gage wire gave some breakage problem 1in

transit and should be increased in diameter to 30 gage in future studies.

The model back support plate was constructed of mild steel, and
initial test results indicated that the metal back plate was possibly
affecting the back surface temperatures. The facilities were therefore
requested to provide low thermal conducting model holders that would
protect the metal support plate from the jet stream. Future models should

use a machinable low thermal conductivity material to support the model.

B. DESCRIPTION OF SRI CALORIMETER AND PITOT PROBE

In addition to the Teflon and phenolic-nylon models, each participa-

ting facility was furnished with a standard calorimeter and pitot probe.

The SRI calorimeter was a transient slug type based on a design used
at Ames Research Center. The dimensions of this calorimeter were chosen
so that in configuration and size it would be similar to the model. The
slug diameter was 0.625 inch, which was equal to the core diameter of all

samples and the slug was constructed of oxygen-free copper plated with

1



onc-half-mil-thick nickel plate. As shown in Fig. 4, the slug was supported
and positioned in the calorimeter shroud with three 0.097-inch-diameter
sapphire bearings resting on knife edges. The slug was thereby electri-
cally and thermally insulated from the surrounding copper shroud. The
temperature of the slug was sensed by a 36-gage chromel-alumel thermocouple

peened into a hole in the base of the slug. Studies at Ames Research

OXYGEN-FREE
COPPER SHROUD COPPER SLUG

0.625 IN diam. X 0.312
THICK, WITH 0.5-mil
1.25 NICKEL PLATE

0.631 ——=f

f—— 0.625 —

] w‘/R=o.|25

: STAINLESS STEEL
POSITIONING RING

SET SCREW\

0.097-diam SAPPHIRE
BEARINGS (THREE, AT
120° SEPARATION )

( 36-ga Ch-Al THERMOCOUPLE
SET SCREW
ALL DIMENSIONS IN INCHES N'N'ATURE ELECTRICAL

CONNECTION PLUG
TA-4512-6

FIG. 4 DESIGN AND DIMENSIONS OF SRI CALORIMETER
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Center during this program indicated that these calorimeters had less than
one percent heat loss per secood when exposed to the jet stream for the

normal 2 to 3 seconds.

The weight of each calorimeter slug was determined to the nearest
0.001 gram and this was stamped on the base of the calorimeter. Each
facility was provided with a plot of the specific heat of the copper slug
versus temperature. The heat flux was calculated by the facility, with

the following relationship.

. . lp. =2 i ) AT(in °F)
qspy(in Btu sec™'ft™®) = 1.036 X slug weight (in grams) % (C ) X ———
oW P av.T  Ot(in sec)

(1)

Some facilities used a fixed average heat content for the copper
slug rather than using the actual average slug temperature. This tech-
nique is acceptable if a uniform procedure of a fixed initial temperature

and exposure time is followed.

The SRI pitot probe is shown in Fig. 5; it was uncooled copper with
a 0.0625 inch pressure tap located in the center of the face. Again the

dimensions and configuration were identical to those of the models.

C. QUALITY CONTROL TESTS ON PHENOLIC-NYLON MATERIAL

As reported previously, the twelve lots of phenolic-nylon material
were molded at Ames Research Center under carefully standardized proce-
dures and exhibited a very low variation in density. However, to insure
further that each lot would exhibit a similar response to a given thermal
environment, a series of quality control ablation tests were made at the
Ames Research Center, using one model from each of eleven lots of the
phenolic-nylon material. The data for these runs are given in Appendix B,
Table B-13. The mean values of tunnel conditions and the ablation results
for the quality control runs are listed in Table IV, with the percent

standard deviation that was experienced for each variable.
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R = 0.l25\>' —'—I I-— 0.0625 diam
h

T~ copPER

L\ 0.125-diam COPPER TUBE
|

TA-4512-7

ALL DIMENSIONS IN INCHES

FIG. 5 DESIGN OF SRI PITOT PROBE
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Table [V
RESULTS OF PHENOLIC-NYLON QUALITY CONTROL TESTS

VARIABLE VALUE | DEVIATION
Total Enthalpy h,(Beu 1b7}) 5,150 5 %
Heating Rate qoy (Btu sec™ ft™?) 265 10 %
SRI
Model Stagnation Press. P, (atn) 0.187 2 %
Plenum Press. Ptl (atm) 0.925 2 %
Run Time t (sec) 40 2 %
Core Weight Loss (1b) 0.00242 | 2.1%
Core Char Weight (1b) 0.0066 2. 6%
Recession (ft) 0.0074 6. 6%
Char Thickness (ft) 0.00979 |  2.5%
Pyrolysis Zone (ft) 0.0141 3.6%

Statistical analysis of the results indicated that the observed
deviations could have been caused by the perturbations in heating rate
that occurred from run to run. It was therefore concluded that the
material response of all eleven lots of phenolic-nylon to a thermal en-

vironment was virtually constant.

D. MEASUREMENTS OF THE TESTED MODELS

In order to reduce the variations that might result from the partici-
pating facilities each using different measurement techniques, all models
were returned to the Institute after completion of the tests for welghing
and measuring. The model base plate was removed first and the recession
or change in length of the model core determined by averaging several
micrometer readings. The model core was then pressed out of the shroud
and the copper thermocouple disc removed, including any remaining cement.
The weight losses of the shroud and core were determined with an

analytical balance.

The char cap was removed from the phenolic-nylon core and the sub-
strate scraped back to the start of the pyrolysis zone. The cores were
reweighed and measured to give information leading to the char thickness,
weight, and density. The phenolic-nylon cores were then sectioned and

the pyrolysis zone determined with a measuring microscope. The pyrolysis

21



zone was defined as the distance from the scraped char base back to

where there was no discernible color change in the virgin

This area was a sharply defined yellow band.

22
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VII EXPERIMENTAL PROCEDURES

At the time that the ablation models and instruments were furnished
to each facility, suggestions were made as to the operating conditions
for each run.* These suggestions were based on the predicted operating
envelopes derived from the data supplied by each participant. This in-
formation was gained by correspondence and subsequent visits to each
organization. At the same time, descriptive information about the facil-
ities, their measurement techniques, and their operational procedures

was obtained. The following sections provide this information.

A. DESCRIPTION OF FACILITY EQUIPMENT AND INSTRUMENTATION

The equipment and instruments that were used by each facility for
the round-robin ablation tests are summarized in Appendix A at the end
of this report. This information was based partly on the “Facility
Evaluation’ form completed for each facility at the start of the program
and also on data collected at the time the model tests were witnessed.,

A detailed description of each facility is beyond the scope of this
report, and the information contained in Appendix A is intended only to
provide a brief summary of pertinent information on equipment and instru-

ments used at each facility during these tests.

B. DESCRIPTION OF MEASUREMENT TECHNIQUES

The data on the ablation models, with their corresponding tunnel
conditions, for all participating facilities are presented in Appendix B.
Part of the “as received’” information from each facility was corrected to
provide a uniform set of units, and the data were also rearranged into a
standard presentation form. Generally, however, the tables contain all
of the data received from each facility, in its original form. That is,
if the calibration runs were originally reported separately by the facility,

they are also reported separately in Appendix B.

*
Exposure times for the models were dgaignated as 30 seconds for Teflon and a heat load (heating rate
times test duration) of 6,000 Btu ft 2 for phenolic-nylon,
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A few facilities reported the gross and net power to the arc heater
and the resulting efficiencies. These data were omitted because some
facilities considered them proprietary and also because they were not
particularly pertinent to this study. Although the basic test conditions
were set by Stanford Research Institute, an effort was also made not to

influence the measurement techniques and methods used by each facility.

The measurements made at SRI on all ablation models tested during
the round robin are presented in the last five columns of each table 1n
Appendix B. The weights listed in these tables are for the 0.625-inch-
diameter cores with an equivalent area of 0.00213 sq ft. The various
nass loss rates for all models were calculated and are presented in
Appendix C, along with other calculated values derived from the primary

information contained in Appendix B.

Following is a brief description of the various techniques that were

used to measure the variables reported in Appendix B,

1. ENTHALPY MEASUREMENT

In most cases, the participating facilities measured enthalpy with
techniques that gave the mean or average enthalpy of the entire jet
stream. A few organizations had enthalpy probes, but said they had ex-
perienced problems in their use and reported no data. As a result, no
comment can be made on the enthalpy profile or “core’ flow of the various

plasma jet streams during this study.

Eight of the twelve facilities measured the mean total enthalpy by
a single technique; two facilities used two methods, one used three, and
one used four. The energy or heat balance method was used by ten of the
twelve participating facilities to measure average enthalpy; the sonic
flow method was used by three, and the pressure rise method, which 1is
also based on sonic flow, was used by two. Three calculated a localized
enthalpy from heat transfer data, and one measured average enthalpy with

a total calorimetry technique.

All of the above techniques for measuring enthalpy are simple 1n
concept, but can give difficulties in application. The difficulties
arise from insufficient precision 1n measurement OT an inability to make

an accurate measurement.
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a. HEAT BALANCE ENTHALPY

The heat balance method for determining enthalpy was geunerally
considered the most reliable by the participating facilities because of
its simplicity in concept. The calculation is made by subtracting the
heat losses in the arc generator and nozzle as indicated by the cooling
water, from the gross power input and dividing the resulting net power
by the mass gas flow. This calculation, however, may require making from
five to ten separate readings, each with its attendant error, and the
accumulated errors can be considerable. Accurate measurement of the
slight temperature rise in the cooling water is probably the greatest
source of error. The accuracy of this method is usually best at high
power and high gas flow rates, where the measurement errors are at a

minimum.
b, sSoNIC FLOW ENTHALPY

The sonic flow method of measuring enthalpy can give satisfac-
tory results provided that the plenum pressure can be accurately measured,
The sonic enthalpy is a power function of the mass gas flow, reservoir
pressure, and nozzle throat area that can be approximated by the follow-

ing relation: !

280P, A*\?2:5
1

W

It is usually possible to determine the throat area and mass gas
flow to a good degree of accuracy; however, measuring a true static
chamber pressure is more difficult. Most arc heaters are vortex or
magnetically stabilized and this can result in a dynamic pressure com-
ponent. In addition, the methods used for secondary gas injection and
the location of the pressure taps can result in errors. All errors are
further amplified when raised to the necessary power shown in Equation (2).
A correction for frozen flow, that increases with increasing enthalpy,
must be added to the calculated sonic enthalpy. The method is generally
more accurate at lower enthalpies and is not applied to enthalpies 1in

excess of 10,000 Btu/1b.
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C, PRESSURE RISE METHOD

The pressure rise method! is a special application of the sonic
flow method., Briefly, the enthalpy is determined by setting the ratio of
the starting pressure (cold gas flow) to the running pressure (hot gas
flow). For the condition of constant mass flow through the arc heater,
the pressure rise ratio (Ptl cold/Ptl hot) uniquely determines the enthalpy.
Constant flow is achieved by metering the gas flow from a high pressure
source. The method is subject to some of the measurement problems out-
lined under the sonic flow method, but is also an excellent method for

rapidly calibrating tunnel conditions.

d, COLD WALL HEAT FLUX ENTHALPY METHOD

The enthalpy can also be calculated from the cold wall heat
flux, using the relations of Fay—Riddell3 or Lees.*® This method has ‘the
advantage of measuring the enthalpy 1in a location similar to that of the
exposed model. The method, however, is subject to variations in heat
flux resulting from geometry and surface chemistry effects that will be

detailed in a later section.

€. TOTAL CALORIMETRY METHOD

The average enthalpy of the stream was measured at General
Electric by directing the entire jet from the nozzle through a heat
exchanger that removed part of the energy. The heat removed by the
exchanger, plus the exiting gas temperature and mass flow rate, was then
used to determine the original enthalpy of the gas stream The enthalpy
during the model runs was calculated by General Electric from the pre-

test calibration runs with the semi-empirical relation:

0. 0.
h PEO-SW O3
N (3)
hr P E 0.5w0.5

r r
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where

h = enthalpy

P = plenum pressure

E = input power

W = air mass flow rate

Subscript r refers to pretest calibration runs,

The total calorimetry method is effectively a macroscopic enthalpy probe
and can give problems similar to those experienced in determining the

nozzle and arc heater losses when using the energy balance method.
2. HEAT FLUX MEASUREMENTS

Two facilities measured the cold wall heat flux primarily with only
the SRI calorimeter, whereas the remaining ten facilities measured heat
flux with both the SRI calorimeter and a facility calorimeter. The
facility calorimeters are described in the instrumentation section of
Appendix A, Tables A-1 to A-12, and are summarized in Table V. With two
exceptions, these calorimeters were “in-house’ designs, with four being
transient types and six steady-state types. Six of the facility calorim-
eters had hemispherical shapes and four were flat-faced. A wide range
of shroud diameters and sensing areas was present in the facility calo-
rimeters and six different metals were used for the surface of the
sensing area. It should be emphasized that while the heat transfer data
in Appendix B have been adjusted as indicated for shroud shape and diam-
eter, no adjustment has been made for different sensing areas and surface
materials, and therefore the reported heat fluxes are the integrated
averages of the respective sensing areas. No heat flux traverses were
made during this study and as a result no comment can be made on the

uniformity of the jet streams.
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Table V

FACILITY CALORIMETER DESCRIPTION
CALORIMETER DESCRIPTION
FACILITY Calorimeter Shape Surface i§f°“d SB?:;ng
T M ; iam. iam.
ype aterial (ins) (ins)
SRI Transient Flat Face Nickel plate 1.25 0.625
on copper
Ames Research Center—NASA Used SRI
Calorimeter
Only
Entry Structures Branch— Transient Hemisphere | Stainless 1.50 1.50

Langley Research Center—NASA Steel
Applied Materials and Physics Division— | Transient Hemisphere | Stainless 2,00 2,00

Langley Research Center—NASA Steel
Manned Spacecraft Center-=NASA Hy-Cal Flat Face Constantan 1.25 0.15
Flight Mechanics Division—

Wright-Patterson Air Force Base Steady State | Hemisphere | Silver 1.00 1.00
AVCO Corporation Transient Flat Face Copper 1.25 0,375
Boeing Company Steady State | Hemisphere | Platinum plate | 2.00 0.74

on copper
General Dynamics Transient Flat Face Copper 1.25 0.625
1.00 0.50
0.75 0.375
General Electric Space Technology Used SRI
Center Calorimeter
Primarily
Giannini Scientific Corporation Steady State | Hemisphere Copper 0.625 0.625
Martin Company Steady State | Flat Face Copper 1.00 0.375
North American Aviation, Incorporated Steady State | Hemisphere | Copper 0.50 0.50

a. TRANSIENT CALORIMETERS

The transient calorimeters used in this study were generally

of the slug type.

known mass, heat capacity,

The calorimeter is exposed to the jet stream for a few seconds and

temperature rise rate is measured.

culated with the relation:
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This type of calorimeter consists of a metal slug of

and area, usually set 1n an insulating shroud.

its

The heat transfer rate is then cal-



where

= mass of calorimeter slug
= specific heat of slug

sensing surface area

slug temperature rise rate

EﬂE;;»v P

The SRI calorimeter described previously was a slug-type design and this
design was also utilized in the General Dynamics and General Electric
calorimeters. The Martin calorimeter that was used to calibrate their

steady state calorimeter, was a slug-type design.

The two Langley facilities used a thin-walled shell version of the
slug calorimeter. The metal hemispherical shell was instrumented with
a number of thermocouples to give an indication of the heat flux distribu-
tion over the hemisphere. The AVCO calorimeter is a special version of
the slug calorimeter where the sensing thermocouple 1s placed 0.020 inches
from the sensing surface of a relatively long slug (1.5 inches) and the
temperature-time history is evaluated with a computer program to yield

the cold wall heat flux.

b. STEADY STATE CALORIMETERS

The steady-state facility calorimeters used in this study were
primarily of the water-cooled, temperature-rise type. The heat flux to
a known surface area is extracted with a known water flow and the tem-
perature rise of the water measured. The heat flux is calculated with

the relation:

iC AT
9., = A (5)
where
w = cooling water flow rate
Cp = specific heat of water
AT = temperature rise of the cooling water
A = sensing surface area.

The water-cooled, temperature-rise-design calorimeter was used
bv Giannini, North American, Boeing, and FMD-WPAFB. When the calorimeter

sensing area covered the entire hemisphere, the g,y had to be corvected
Cw
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to give the heat transfer rate ACW at the stagnation point., This was
usually done by the facility, using the relation q., = 2.1 QAV.
CW
The Martin steady state calorimeter measured the temperature
difference between two axially located thermocouples mounted in a cooled
block. This type of calorimeter is sometimes referred to as a heat meter
type, heat flux being determined from the temperature difference and the

thermal conductivity of the block. Martin calibrated this calorimeter

with a transient slug type.

The principle described above is also used in the commercial
calorimeter used by Manned Spacecraft Center. This calorimeter was made
by Hy-Cal Engineering and 1is usually referred to as a foil or asymptotic
calorimeter. The temperature difference is measured between the center
and the cooled periphery of a thin metal disc. The heat flux is deter-
mined from the temperature difference and the thermal properties of the

thin disc.

3. PRESSURE MEASUREMENTS

The uncooled, SRI pitot probe described previously was used by six
facilities to measure the model stagnation pressure. Five facilities

used 1in '

‘in-house’-design, water-cooled pitot probes with diameters
ranging from 0.5 inches to 1.25 inches. Four facilities had cross checks
between the SRI probe and the facility probe. The pressure was measured
by a wide variety of methods described under the instrumentation section
of Appendix A. In two cases, a manometer was used for the pressure
measurement; however, in most cases an electrical pressure transducer
with some form of electrical readout was used. In all cases, the model
stagnation pressure was measured only on the center line of the stream,

and, as a result no comment can be made on the pressure profile of the

various jets,

The expansion of the jet in the nozzle was monitored and controlled
at most organizations by matching the test chamber pressure to the nozzle
exit pressure. This was done to ensure balanced and repeatable flow
conditions in the area of the model. The control was usually accomplished
by bleeding air into the test chamber or by throttling the vacuum line.

At some facilities, the expansion of the jet was controlled by visual

observation of the stream.
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The pressure measuring instruments were calibrated by the facilities,
utilizing various methods depending on their pressure range, Dead weight
testers were usually used for high pressures: manometers for moderate

pressures; and McLeod gages for low pressures.

4. FRONT SURFACE TEMPERATURE

The front surface temperature of the ablating models was measured
by seven of the participating facilities. 1In all but one case, the in-
struments used were monochromatic optical pyrometers that measured the
brightness temperature of the model. One facility, General Electric,
used a two-color pyrometer. The pyrometers were calibrated by the
facilities, using techniques such as viewing a standard light source,
or viewing a black body source and comparing the results with those from
a standard pyrometer. Allowances were also made in the calibration for
optical absorption by intervening viewing ports in the test chamber,.
Part of the “as-received’” data had been corrected to an assumed emissivity
and the remainder of data assumed an emissivity of unity. The front sur-
face temperature data in Appendix C all has been corrected to an assumed

emissivity of 0.85 for comparison.

5. Gas FrLow RATE

Ten of the twelve organizations measured the gas flow rate with some
flow-restrictive device such as an orifice plate. Four of these facilities
specified that they were using the orifice with critical or choked flow
conditions. Five other facilities used standard orifice plates and in
one additional case a Venturi section, but did not specify whether they
were operating in the sonic region. One group used a variable area or
rotometer type of instrument tomeasure gas flow and one used a turbine

meter.

The inlet gas temperature was usually monitored but only 1n one

case was the inlet gas controlled to a fixed temperature.

The flow meters were calibrated by the facilities by such techniques
as weighing the gas bottles or by measuring the pressure rise rate in a

tank of known volume.
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C. METHOD OF OPERATION

The facilities determined the values of the operating variables for
the run conditions requested by Stanford Research Institute by making a
series of calibration runs, using trial and error methods. As a result,
facilities with more experience could usually reach the desired condi-
tions more rapidly than a group with limited experience. The facilities
were requested to put primary importance on achieving the desired enthalpy
and heating rate and place secondary importance on the model stagnation

pressure.

The sequence that was followed by the facility to make the requested
measurements of tunnel variables, during both the calibration and model
runs, were largely dictated by the facility insertion capability. Facili-
ties that had a four-insertion capability could make all of the requested
measurements during a single run and did not require separate calibration
runs; tunnels with a single insertion had, of course, to make separate
runs for each measurement. Table VI indicates the insertion capability

of each group and the groupings of each measurement within single runs.

As is shown in Table VI, several facilities also reported estimated
data for the model runs, based on information gained from calibration
runs. These data were treated in correlating the results as if they had

been determined directly.

Various methods were used to reproduce tunnel conditions from run
to run. Most facilities set the gas flow rate, measured the net power,
and calculated a run enthalpy. Some groups set the gas flow rate and
arc current or total arc power and assumed constant efficiency. A few
facilities set the gas flow rate, and adjusted power to give a set plenum
pressure; this technique 1s effectively using the sonic flow method for

enthalpy.
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YIII EVALUATION OF TEST CONDITIONS

As was pointed out carlier, the initial intent of the round-robin
was to have at least one common operating point, i.e., a heating rate of
150 Btu fi77sec™ at an enthalpy of 5,000 Btu 1b~! for each facility.
When it became obvious that this was no longer possible, as was shown by
the individual facility envelopes contained in Technical Report No. I,
cach participant was asked to study a range of the conditions achievable
with respect to both enthalpy and are chamber pressure. The actual test
values used are given in Tables B-1 to B-12, which contain the experimen-
tal results reported by each participant. These operating conditions have
been plotted on the predicted tacility envelopes from Technical Report No.l

and are shown in Figs. b6 to 13. Where information is aval lable these data
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are plotted on both the heating rate-stagnation pressure and enthalpy-arc
chamber pressure envelopes. In the case of General Dynamics, the predic-
ted envelope has been changed from that shown in Technical Report No. |

as a result of later arc heater modi fications.

The lack of common operating points made it necessary to determine
how consistent the experimental results were, both internally at a given
facility and externally between facilities. Demonstration of this con-
sistency would then permit cross-correlation of the ablation data re-
ported by each participant. This section describes the comparison of

operating data.

A.  STAGNATION PRESSURE

Several of the facilities inserted their own pressure probes during
the same runs for which the SRI pressure probe was used. In all cases,
as shown by Fig. 16, the results compared very closely. The plot is made
on a logarithmic scale so that the percentage variation is more readily
apparent. The percent standard deviation of the points from the corre-

lation line is calculated as shown in the next paragraph.

For a correlation
Y = X ; (6)
being evaluated, the square of the residuals, on a logarithmic basis, is
(Residual)? = (log Y - log X)? . (7)

This will be the same, whether measured parallel to the Y or the X axis.

The residual representing the standard deviation will then be

%
Y N Y,
o = t log <—-> = ! 5 log2<?> . (8)

X N-1 2

Geometrically, this deviation is at a 45° angle to the correlation, since

i1t is parallel to the Y or X axis. The deviation, © normal to the cor-

N’
relation 1s therefore
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Y 1/V2
o, = T log <—> . (9)
XO'

Its antilog will be a ratio greater than one, and the reciprocal of this
ratio. These ratios can be expressed in the percentage form, with the

range shown, as follows:
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Y\ !/VT X 1//°T
P, = + 100 -1 and -100) 1 - . (10)
X o Y en

The larger of these will be the positive form, although the two will ap-
proach each other as the ratio approaches one. The term P_ will be re-

ferred to hereafter as the percent standard deviation.

For the present case, the percent standard deviation between the two

stagnation pressure measurements 1s

P = +2.6% and -2.5%

e

From this, it was decided that the type and diameter of the probe, within
the limits of those used, was not critical, and that the stagnation pres-

sure measurements could be considered as accurate and comparable.

Certain aspects of the stagnation pressures reported should be real-
ized, however. In the case of five facilities no actual measurements
were made during the runs. The values reported for Ames Research Center
and AMPD—Langley Research Center were estimated by determining the
Ptz/Pt1 ratio during calibration runs and then multiplying it by the arc
chamber pressure, Ptl, measured during model runs. North American mea-
sured stagnation pressures during pre- and post-test calibrations at each
operating point and then averaged these values for the comparable model
run. General Electric and ESB—Langley Research Center reported values
of stagnation pressure measured during a separate run at the same oper-
ating condition as the model run. All of these procedures were generally

used because of a deficiency of insertion supports.

B.  SHOCK PRESSURE RECOVERY RATIO

The flow of air through an arc heater and a nozzle must obey the
first law of thermodynamics. When this flow is hypersonic, there gener-
ally\will be some dissociation and ionization of the air, and the species
involved may not reach thermal equilibrium. For a given nozzle, the dis-
sociation, as well as the enthalpy of the air and the arc chamber pres-
sure, affects the shock pressure recovery ratio at the model. Fortunately,
this ratio, P, /Ptl, 1s insensitive to these factors compared with the
effect of the area ratio of the nozzle. For instance, for a range of

enthalpies from 2,000 to 8,000 Btu lb~! and a range of arc chamber
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pressure from 10 to 10,000 atmospheres, the shock pressure recovery ratio

varies with area ratio as follows: »°

A/ A* 3.5 35 350 3,500
Ptz/Pt1 0.40-0.50 0.045-0.055 0.0050-0.0055 0.00055-0.00060

Mach No. 2.5 4.0 5.5 8.2

The P, /Pt ratio tends to spread somewhat as the arc chamber pressure
2 1
decreases. As a matter of interest, the mach number for each of the area

ratios is also given above for h, = 5,000 and P, =7
1

A comparison of the actual value of P, /P with the predicted value
can thus be used to determine either wheLher thé arc chamber pressure has
been correctly measured or whether the plasma stream is expanding properly
through the nozzle. This comparison is made in Appendix C, where 1t can
be seen that most of the facilities have ratios reasonably close to the

values expected.

Ames Research Center had slightly high values, but the stagnation
pressure was not actually measured during the runs. The low values at
General Dynamics were not of concern, since the use of nitrogen 1in the
plasma arc precluded their inclusion in the correlations involving these
pressures. Somewhat high values were reported at General Electric and
FMD-—Wright-Patterson; these were associated with very high nozzle expan-
sion ratios. Some of the Martin pressure ratios were high by as much as
a factor of three. This was not unexpected, since Martin representatives
made particular references during the runs to recurring difficulties 1n

measuring arc chamber pressures.

C. STAGNATION POINT HEATING RATE

As was pointed out earlier, the heating rate data were measured with
the SRI colorimeter and a variety of facility calorimeters. The effect

of the instrument design must be considered before comparing the results.

1. ErrrctT or CALORIMETER DESIGN

The main aspects in which the various calorimeters differed were:
shape, diameter, size of sensing area, and surface material of the sens-
ing area. The effects of each of these are discussed in the following

sectilons.
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a. SHAPE AND DIAMETER

For a given set of tunnel conditions, the shape and diameter
of a calorimeter determine the velocity gradients over the surface, and
thereby the heat transfer to the surface, It is generally accepted that
under supersonic conditions the heat flux to different-sized calorimeters
with the same shape will vary inversely with the square root of the calo-
rimeter radius or diameter. Thus, the heat flux will decrease with in-

creasing calorimeter size according to the following relation.

ql R2 0.5 D2 0.5

_— = [ — = |— (11)

The above relation was used to correct any facility flat-faced
calorimeter data when there was a difference in diameter compared with

the SRI calorimeter.

The participating facilities were in general but not exact agree-
ment on how calorimeter shape affects the heat transfer measurement. The
theoretical relations describing heat transfer are usually based on heat
flux to a hemispherical shape. Heat transfer to other shapes is thus ex-
pressed as some factor times the heat flux to an equal-diameter hemi-
spherical shape. An informal survey made of some of the participating
facilities indicated that they used the following factor for shape cor-
rection from hemisphere to flat-face: five facilities used 0.55; one

each used 0.50, 0.56, 0.63, and 0.67.

The heat flux data from the five facilities that used hemispher-
ical calorimeters and that had equivalent data for the SRI flat-faced

calorimeter were analyzed and found to follow the relation:
qFlat face = 0’54qumisphere (12)

This was based on the average of 30 data sets,

Since this factor agreed well with the results reported 1in
Ref. (7), it was decided to adjust all facility hemispherical calorimeter
data where necessary to a flat-face value with the 0.55 factor. The use
of this factor is the equivalent of saying that the radii will follow

the relation:
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R = R = 3.3R (13)

Effective Hemisphere : Flat face

b. SENSING AREA

All arc jets have some degree of nonuniformity or enthalpy pro-
file across the jet. This is largely the result of heat losses to the
walls of the arc heater and nozzle, and 1t causes a condition sometimes
referred to as “peaking”or‘“coring.’” Models or calorimeters placed on the
center line of a cored stream will indicate a higher heat flux resulting
from a higher gas enthalpy than is indicated by the average jet enthalpy.
The SRI calorimeter was designed with a slug diameter equal to the model
core diameter so that the two surface areas would be sensing the same in-

tegrated heat flux.

If coring is present, a calorimeter with a large sensing area

will usually indicate a lower heat flux than a calorimeter with a small

sensing area. This type of phenomenon occurred during the round-robin
testing at General Electric. This facility initially experienced con-
siderable trouble with a loose connection in the SRI calorimeter. After

this was repaired, it was found that the 0.25-in.-diameter General Electric
slug calorimeter indicated a heat flux 1.35 times greater than the heat
flux indicated by the 0.625-in.-diameter SRI calorimeter. A heat flux
traverse of the stream was made by moving the location of the slug and
varying its diameter. The results of this study are shown in Fig. 17.

The coring problem in this case was probably aggravated by the model di-
ameter’s being nearly equal to the nozzle exit diameter, causing stream

blockage.

A similar pattern was present in the Boeing jet, as can be seen
in Fig. 18. This plot was furnished by the facility and was based on a
previous study. This facility has since improved its apparatus and has

achieved a much flatter profile.

Since no heat flux , stagnation pressure, or enthalpy profiles
were developed during this study for other facilities, no comment can be

made on the uniformity of their jets.

A problem was encountered at AVCO, in that the SRI calorimeter
gave a very nolsy signal. The problem was never completely solved, and
could account in part for the AVCO calorimeter’'s reading from 20% lower

to 60% higher than the SRI calorimeter. The low values were for SRI
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calorimeter readings of 50 Btu ft™2sec”!; above 70, the AVCO calorimeter
read from 20-50% high, increasing to 40-60% high at SRI calorimeter read-
ings of 200 Btu ft”2sec”}'. There were, however, differences in the two

calorimeters such as sensing area, surface material and basic design that

might account for the discrepancies in measured heat flux.
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C. SURFACE MATERIAL

The plasma arc generator has been the most versatile test de-
vice developed for simulating free flight conditions. Such flight vari-
ables as enthalpy and impact pressure can be closely reproduced in an arc
generator tunnel. The primary difference between arc tunnel testing and
free flight conditions is the result of possible nonequilibrium conditions

in the arc jet.

In free flight, the air preceding the vehicle shock wave is
initially at rest and is thought to be in equilibrium up to about sixty
miles altitude. The gases behind the shock wave are also thought to Le
in equilibrium, except possibly in the re-expansion area around the ve-
hicle. By contrast, in plasma tunnel testing, the gas preceding the model
shock wave has been heated to a very high temperature, and when expanded
through a supersonic nozzle with a large expansion ratio, it probably is

1s not in equulibrium.

Recombination of the disassociated gas molecules behind the
model shock wave may be promoted by the catalytic activity of the sur-
face and will release energy to the surface.? Although the mechauism of
recombination is not fully understood, it is known to be a function of
such variables as: the atomic concentration in the boundary layer; the
temperature of the gas and surface; and the catalytic activity of the

surface material.

FMD—~Wright-Patterson conducted a study to determine the ef-
fects of calorimeter surface material on the heat transfer measurement.
The nickel plate was removed from the slug surface of three SRI calorim-
eters and replaced with silver, copper, and silicon monoxide surfaces.
The calorimeters were chemically cleaned before each exposure. The data
from this study are included in Table B-5, Appendix B, and are presented
in Fig. 19,

I'f the heat transfer results in Table B-5 are arranged by
material and the arbitrary value of 1.0 is allotted to the nickel, the
silver surface would indicate a heat flux value 1.21 times higher, the
copper 1.03, and the silicon monoxide 0.74. These results agree quite

well with the catalytic activities indicated in Ref. 8.

The effect of surface materials on the measured heat transfer

has been investigated further by FMD—Wright-Patterson in studies not
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included in this report. The study conducted during the round-robin pro-
gram was not extensive, but did substantiate the previous studies; i.e.,
for this facility and for the indicated operating conditions, the mea-
sured heat flux was dependent on the calorimeter surface material. For
the current program, however, comparison of results using calorimeters
with copper or nickel containing surfaces should not affect the results

appreciably,

2. CoOMPARISON OF RESULTS

As was pointed out earlier, a variety of calorimeters was used by
the various facilities for determining stagnation point heating rate.
The effect of shape and shroud diameter were discussed above, and methods
for correcting these rates to a common basis were given. Using these
relations, the facility heating rates reported in Appendix B have been

adjusted to a l.25-in., flat-face calorimeter and are tabulated in Appendix C.

A plot of the adjusted facility values against the SRI calorimeter
values, which are already based on a 1.25-in., flat-face calorimeter, are

shown in Fig. 20. For the case at hand, the correlation being tested is

2ADJ
9rac = 9spr1 (14)
so, 1n accordance with Eq. (6),
-  #ADJ
Y = 4p,c (15)
- . 16
X = dgpp - (16)

Then, in Fig. 20, which represents both model and calibration runs, the

value of the percent standard deviation, P for this correlation is +16

o ’

and -14 percent.

Two facilities, Ames and General Electric, are not represented on
the plot, since no facility calorimeter was compared with the SRI-furnished
instrument during the experiments. Also, as is shown in Table VI, com-
parisons for two of the facilities (North American and ESB—Langley) de-
pended on data not obtained during the same run. If these last two are
left out of the correlation, the percent standard deviation becomes 18
percent.
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Careful inspection of Fig. 20 indicates that more data lie above the
correlation line than below, suggesting generally higher readings on the
facility calorimeters. This is not surprising, since many of them had

smaller sensing diameters than the SRI calorimeter.

These results seem to indicate that consistent data can be obtained

by use of a standard calorimeter.
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D.  PREDICTION OF STAGNATION POINT ENTHALPIES

Prediction of the stagnation point enthalpy can be calculated directly
from the over-all heat flux and stagnation pressure, using the relation
of Fay-Riddell,’or by the sonic flow method proposed by Winovich,! which
utilizes the mass gas flow, reservoir pressure, and nozzle throat area.
Since much of this information was available in the majority of experi-
mental runs, it was felt advisable to determine how well these calculated
values for the enthalpy would compare with the value measured by the heat

balance technique. The following sections make this comparison.

1. From SRI HeEAaT FrLux

The values for the enthalpy difference calculated from the stagna-
tion pressure and cold wall heating rate for the SRI calorimeter are tab-
ulated in Appendix C. These were obtained by using the following formula
derived from the Fay -Riddell relation.

calec - . A -
AhSRI h 24qSRI(Reff)2(Pt2) ’ ’ (17)
CW cW

This approximate formula is based upon air as the test gas and as-
sumes an invarient Lewis No. = 1 and a Prandtl No. = 0.72. The value of
R, ;; was taken as 0.172 ft, based upon the 1.25-in.-diameter flat-faced
configuration of the calorimeter and the 0.55 proportionality between

hemispherical and flat-face shapes.

The calculated values shown in Appendix C are plotted in Fig. 21
against the enthalpy difference measured by the facilities, primarily us-
ing energy balance techniques. The only organizations not represented
are Ames, which reported an enthalpy determined by the pressure rise
method, and the Manned Spacecraft Center, whose subsonic plasma arc heater

cannot be correlated through a Fay -Riddell type of relation.

The effect of “coring” at Boeing and General Electric is immediately
apparent in the high calculated enthalpy values for a number of those
runs. As would be expected, the calorimeter sensed a peak value of en-
thalpy rather than the average over the entire plasma stream, which is
obtained by the energy balance measurement technique. Values were not

calculated for General Dynamics, since the measurements were made on a
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different working fluid, namely nitrogen, and this affects the propor-
tionality factor in the Fay-Riddell relation. It should also be pointed
out that, as shown in Table VI, part of the data being correlated was not

measured during the same run, for five of the facilities, namely Ames,

AMPD—Langley, General Electric, North American, and ESB-—Langley.

The correlation being tested in Fig. 21 is:

A meas
hFAC

Al calc
hSRI
CWw
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so, from Eq. (6)

Y = bhgic (19)
1 _ . , 1 1
X = OwSRIC - 24qSRI(Reff)A(Pt2) A (20)
CcW cw

The percent standard deviation for this plot is, as might be expected,
rather high, namely, 46%. Elimination of the Boeing and General Electric
data, because of plasma “coring,” from the calculation of the percent
standard deviation, reduced P_ to 18%. Further elimination of the data
for facilities where they were not measured during the same run only

changes the deviation to 19%.

2. From Facirity HEaT FrLux

The enthalpy difference can also be calculated from the facility
calorimeter heating rate and stagnation pressure. Where this information
was available, the calculated values are shown in Appendix C. If these
data were plotted in the same manner as the preceding figure, the percent
standard deviation would be 22%, although this represents a considerably
smaller sample of points. The above value of P_ is based on exclusion of
the Boeing data. The information from the Martin replicate runs was not
considered in the correlation, since the triplicate sets showed such sim-
ilar results. It is encouraging that such comparable values can be ob-

tained in repeated runs.

It should be pointed out here that in the case of the enthalpy dif-
ference calculated from both the facility and the SRI calorimeters, there
appeared to be no relation between the points that correlated poorly and
those that had a shock pressure recovery ratio different from that ex-
pected (see Sec. VIIIB). This might suggest that, in cases where both
pressures were measured directly during the run (for example, as with the
Martin data), it is probable that the reservoir pressure 1s a less re-

liable value than the stagnation pressure,

3. By THE Sonic Frow METHOD

The procedure for calculating the enthalpy difference by Winovich’s

sonic method,! was mentioned earlier, see Eq. (2). Where possible, such
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a calculation was made; the results are tabulated in Appendix C. In com-
paring these data with the measured enthalpy difference, General Dynamics
was left out because of its use of nitrogen as the plasma fluid and Manned
Spacecraft Center because it 1is a subsonic facility. Boeing is not rep-
resented because no reservoir pressures were measured, due to instrumenta-
tion difficulties with the transducer during the experimental runs on this

program.

The remainder of the data, when correlated, show a standard deviation
of 54 percent. This 1s considerably worse than the other two enthalpy
calculations and may be traced 1n part to questionable reservoir pressures
in the Martin data (see Sec. VIIIB). 1f these runs are eliminated from the

correlation, the standard deviation drops to 32%.

A comparison of the calculated sonic enthalpy with the enthalpy cal-
culated from the SRi calorimeter heating rate is shown in Fig.22. Boeing,
General Electric, and General Dynamics are not represented in this plot
for the reasons mentioned earlier. The standard deviation for this cor-
relation, with the questionable Martin points eliminated, 1is 29%. It 1s
apparent that this is a less suitable method of obtaining enthalpy than
the energy balance procedure, at least insofar as it compares with the
calculated enthalpy based upon the experienced heating rate measured by

the SRI calorimeter, and the stagnation pressure.
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IX ABLATION OF TEFLON

It is apparent from the previous section that the test conditions
are best described by the heating rate and stagnation pressure, Not only
were these comparable from facility to facility with less variation than
measured enthalpies; they were also peing measured in exactly the same
position and environment in the plasma arc facility as was the model,
For this reason the initial attempt to correlate the mass loss rate of

Teflon was in terms of the heating rate and stagnation pressure

A.  MASS LOSS RATE CORRELATION

Initially, the total mass loss rate, ht, was plotted against the
heating rate as determined by the SRI calorimeter. This heating rate
was used because the calorimeter had the same size, shape, and core
diameter as the models, and, therefore, most accurately represented the
enthalpy being experienced during the ablation runs. The appearance of

that plot suggested a power function and attempts were made next to plot

the following relation:

n

¢ = afagpg . (21
cw

The results based upon early data received during the round-robin abla-

=R

tion program, when plotted on logarithmic coordinates, appeared to fall
Into two groups, each represented by an n value of two-thirds, but dis-
placed from each other. The Boeing and AVCO data in the one group were
obtained at stagnation pressures an order of magnitude lower than those
for the North American data. For this reason it was next assumed thut

the relation might be a power function both in heating rate and stagna-

tion pressure, as shown below.

n m

v - 8fdggg P (22)
CwW 2

ER
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At this point 1t became apparent that a computer program was neces-
sary to find the values of the constant and of the two exponents that
would lead to the minimum standard deviation for the correlation. Such
a program was available at the Institute 1n the form of a regression
formula to solve the three unknown coefficients leading to the highest
value of the multiple correlation coefficient. This program printed out
the values of the coefficients along with their standard errors, the
observed mass loss rate, the predicted mass loss rate based on the cor-
relation shown in Eq. (22) above, and the variance estimate between these

two.
In this case the correlation indicated by Eq. (6),

Y = X (23)

considers

For this program

) Y
(Variance Estimate]?/2.3 = * log (3() = O ) (26)

o

but this can easily be converted to the percent standard deviation, P

by Egs. (9) and (10).

o?

Use of the program on the results from the eight facilities that

had appropriate data led to the following coefficients for Teflon:

a = 0.0058 t 20%
n = 0.58 t 5.8%
m = 0.25 * 7.3%
with a percent standard deviation of
P, = + 11% and -10%

a
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A plot of these results is shown in Fig. 23. Even though there is some
error possible in the exponents, the correlation does spread over more
than one order of magnitude in ablation rate and represents 41 sets of
data from the eight facilities. The Boeing data fit into the correlation
very well. This, plus the good correlation between the SRI and Boeing
calorimeters, as shown on Fig. 20, indicates that both the ablation models

and calorimeters were “seeing’’ the same test environment,
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FIG. 23 MASS LOSS RATE CORRELATION FOR TEFLON
(SRI Calorimeter Cold Wall Heating Rate)
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Of the four facilities not included in the correlation, General
Dynamics was left out because the tests were run in nitrogen, and Manned
Spacecraft Center was eliminated because the experiments were subsonic.
The remaining two, Giannini and Martin, did not report SRI calorimeter
values for the model runs, even though the calibration runs would have
permitted estimating them. These runs have been used to predict what the
values might have been, and they are tabulated in Appendix C with an
appropriate footnote. Inclusion of this information in the correlation
provides 52 sets of data and leads to the following values of the

coefficients:

a = 0.0060 t 17%
n = 0.57 £ 5.0%
m = 0.25 * 6.2%
with a percent standard deviation of
P = +10% and -9%

The change in coefficients is almost negligible.

It would be of interest to compare the General Dynamics mass loss
rates with those predicted from the correlation. Unfortunately, several
of the runs had to be discarded because of nonuniform ablation due to a
small plasma column and centering difficulties. One run did have all of
the data necessary, and, using the first set of coefficients, the predicted
mass loss rate was 0.0197 lb/ft? sec, compared with an observed value of

0.0259.

B. ALTERNATIVE CORRELATIONS

The above correlation involves a three-coefficient fit between the
mass transfer rate, the SRI calorimeter cold wall heat transfer rate,
and the stagnation pressure. It may be that there are other correlations
between the mass transfer rate and the plasma arc conditions. The fol-

lowing sections consider some of the alternates.
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1. HoT WaALL HEAaTING RATE

The heating rate from the SRI calorimeter used above was expressed
on a cold wall basis. This could be converted to a hot wall heating
rate, which might show a better correlation with a mass loss rate and
stagnation pressure. The calculation of this value proceeded in the

following manner.

a. The cold wall enthalpy potential was calculated
from the SRI calorimeter cold wall heating rate
and stagnation pressure through the Fay-Riddle
relation Eq. (17).

b. The total enthalpy was obtained from this value
by adding 150 Btu/lb, which is approximately the
enthalpy content of the gas entering the arc
reservoir; the latter is the cold wall enthalpy.

c. The sublimation temperature of the Teflon is
read from the vapor pressure curve for this com-
pound at the stagnation pressure for the
experiment,

d. The hot wall enthalpy is calculated from this
temperature and the heat content of air.

e. The enthalpy potential on a hot wall basis is
determined by subtracting the hot wall enthalpy
from the total enthalpy previously calculated.

f. The ratio of the hot wall enthalpy potential to
the cold wall enthalpy potential is used to
correct the cold wall heating rate to the hot
wall heating rate.

Both the hot wall enthalpy potential and the hot wall heating rate,
based on the SRI calorimeter, are tabulated in Appendix C. The latter
heating rate and the stagnation pressures were used in the regression
relation, with the mass loss rate of the Teflon models, to determine the
values of the coefficients in a power function similar to that given in

Eq. (22). The results are tabulated below:

a = 0.0076 * 17%
n = 0.55 % 5.5%
m = 0.27 + 6.3%

67



with a percent standard deviation of

P = +10% and -9% .

[og

A plot of these data is given 1in Fig. 24 and 1t is almost identical to
Fig. 23. lt is apparent that there 1s a slight shift 1in the coefficients
accompanied by a very small improvement 1in the percent standard deviation.
[t therefore is equally as good a correlation as the one in terms of the
cold wall heating rate. It does have some disadvantage 1n the additional

calculations required.

9, MEASURED ENTHALPY POTENTIAL

The other eavironmental condition measured during the experimental
runs was the enthalpy potential. The following correlation involving 1t

was therefore checked.

W= b(Oh L )U(PL )Y (27)
CW 2

Based on the information contained in Appendix C, the regression program

led to the following values of the coefficients:

b = 0.0017 £ 63%
u = 0.59 % 10.8%
v = 0.57 % 5.6%

with a percent standard deviation of
p = +21% and -17% .

A plot of this correlation is shown 1in Fig. 25. A comparison of this
with Fig. 23, or comparison of the percent standard deviation with that
found ‘for the correlation involving the cold wall heating rate deter-
mined by the SRI calorimeter, shows that the measured enthalpy 1s not

as satisfactory a correlation parameter. FElimination of the Bocing and
General Electric data, because of “coring’, does not improve the correla-

tion appreciably.
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3. Facirity CoLp WaLL HEATING RATE

It is, of course, possible that the facility calorimeter may best
represent the conditions experienced by the ablation model, even though
it may not have the same geometry and size. Therefore, for the data
available 1in Appendix C, a correlation of the type shown in Eq. (22) was
tried, using the facility calorimeter heating rate rather than that from
the SRI calorimeter. The results from the regression program, based on
28 sets of data from the six facilities that obtained such information,

are given below:

a = 0,011  23%
n = 0.48 * 7.5%
m = 0.29 + 6.2%

with a percent standard deviation of

P = +11% and -10%* .
A plot of the data is given in Fig. 26. The deviation is the same order
of magnitude as that for the SRI calorimeter heating rate, However, it
intuitively seems more meaningful to have the calorimeter, pressure probe,
and ablation model all have the same configuration and size in order to

minimize experimental variability.

The round-robin results from Manned Spacecraft Center (see Appendix
C), are plotted on Fig. 27, using the cold wall facility calorimeter

correlation found for Teflon in supersonic arc facilities.

Addition of the Martin replicate data to the computer program changes the coefficients to

a = 0,013 % 34%
n = 0.44 +11.5%
m = 0,29 * 9.3%
PU = +18% and -15% .

This tends to indicate that the Martin points are somewhat out of line with the other datas
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The solid and dotted lines indicate the supersonic correlation and the
percent standard deviation of the data. Note that the subsonic results
appear to correlate among themselves with a lower intercept. A lower
apparent stagnation pressure than the one atmosphere used, or a lower
apparent heating rate (higher apparent model diameter), could bring these

points on to the supersonic correlation line.

C. HEAT OF ABLATION CORRELATION

Common practice in this field of research 1s to calculate the heat

of ablation from the heating rate and mass loss rate as shown below:

dsgr1
HW

Hop - (28)

My

1. LINEAR RELATION

Georgiev, Hildalgo and Adams?® have related the heat of ablation to

the enthalpy potential by an energy balance at the surface of the model.

The relation suggested is linear in form.

Heff = Q + ﬁAhmeas
HW

The coefficient & is derived to be the heat necessary to raise the material
to the ablation temperature and decompose it, and B is defined as the trans-

iration shielding factor. Georgiev et al. roposed theoretical values
p g g prop

of

¢ = 950 and B8 = 0.44

but experimentally found that the data would fit

@ = 750 and 8 = 0.44
{ L.|;»u|a|1‘l“) found that his data tit
o = 010 and /1 = 0,39 .
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A linear plot of H,;; against the measured enthalpy potential, from
data contained in Appendix C, is given in Fig. 28. Note that the enthalpy
1s on a cold wall basis. This will not affect the appearance of the plot
since the hot wall enthalpy is, on the average, about 350 BTU 1b-! less
for Teflon. This would therefore result in only a minor displacement of
the points along the abscissa. The Chapman correlation is shown on the

figure.

The spread of the data is not unexpected because of the wide scatter
of measured enthalpy potentials. It can be reduced somewhat by using the
hot wall enthalpy potential calculated from the heating rate as mentioned

above. Such a plot is given in Fig. 29 with the Chapman correlation line.

2. MopIFIED LINEAR RELATION

Georgiev et al,13 also proposed a correction to the term & when com-

bustion of the Teflon occurs. Specifically he suggested that

950
H ;0 = + 0.440hy, . (30)
‘ 1 + (2100/0hy,)

This is, of course, linear at high enthalpy potentials but does go to
zero at small values rather than to a finite intercept. This correlation

line is also plotted on Fig. 29.

3. LOGARITHMIC RELATION

The data in Fig. 29 does not show the anticipated linear trend at
higher enthalpy values. This is not unexpected, as can be shown by de-
riving a relation between the heat of ablation and enthalpy potential
from the mass loss rate correlation based on the SRI calorimeter hot

wall heating rate:

at = 0.0076(;;5“)0.55(1;t )0.27 . (31)
2
HW
ThllS (.ISRI
HW . i
Hogr = —— = 132(qq)°* 5P, 07027 (32)
m HY
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The heating rate can be eliminated from the right hand side through the
Fay -Riddell relation, Eq. (17), and, for the SRI model dimensions,
Eq. (32) becomes

H = 46.8(8h ,, )0 (P, )70 (33)

alc
R1
W

=wno

The interesting point is that this correlation is a power function rather
than linear in form and is affected slightly by the stagnation pressure.

Steg and Lew! found such an effect for ablation of Teflon.

4. ADJUSTED LOGARITHMIC RELATION

The effect of the stagnation pressure is quite small and it 1s there-
fore of interest to consider a mass loss rate correlation in which the
exponents in Eq. (31) are related so that the stagnation pressure term
vanishes when the correlation is put in the form of the heat of ablation
as shown in Eq. (33). Taking into account the Fay-Riddell relation,

simple algebra shows that when the correlation exponents are as shown

'."c - C(qSRI)n(p;Z)(l-n)/Z (34)
HW

the heat of ablation form becomes

EISRI 1
HW 1
HEff ) . B - [24(Reff)l/{l " (Ahcalc)lm : (35)
m ¢ SRI
¢ HW

A simple modification of the regression program permits computation of
the two coefficients, ¢ and n, and the results for the data contained 1n

Appendix C are

c = 0.0085 £ 17%
n = 0,51 % 4.9%
(1-n)/2 = 0.25 % 4.9%

8




with a percent standard deviation for Eq. (34) of

P = +11% and -10%*
A plot of the correlation indicated by Eq. (34) is shown in Fig. 30.
Although the percent standard deviation for this, and for the earlier
correlation with the hot wall heating rate where the exponents were
uncontrolled, Eq. (31), are nearly the same, visual comparison of Fig. 30

with Fig. 24 shows that the initial correlation is slightly better.

However, assuming that the correlation with the adjusted exponents

1s a valid one, Eq. (33) then becomes

9smr1
HW

Hogp = —— = 38.3(0h

M

)00 (36)

1
I

T wno
X

At the same time the percent standard deviation increases by 1/n fold to
about 21%. The correlation indicated by Eq. (36) is shown as a dotted
line on Fig. 29,

In dealing with Teflon it has also been a practice to plot ¥, the
blockage factor, against B, the ratio of the enthalpy potential to the

heat of ablation. These are defined as follows.

Vﬁ = 9‘1()/ (EIS R1 //& t) ( 3 7)
HW
B = Ahc ale / (EIS RI /'nc ) . (38)
SRI HW
HW

Use of Eq. (36) to solve for Y in terms of B leads to

yq (1=n)/n R
Y= 940(c)” [24(R_,,)%] B(»-1)/n (39)

A relation similar to Eq. (34) but based on cold wall heating rates from the SRI calorimeter, lead to
the coefficients

c = 0.,0065% 19%
n = 0,55 % 5.1%
(1-n)/2 = 0.23 ° 5.1%
with a percent standard deviation of
RT = +11% and -10% .
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940/H,

v

and from the coefficients associated with Eq. (35)

Y = 0.75 B 0-9%6 (40)

The data in Appendix C converted to the form of Y and B are plotted in

Fig. 31, and the correlation indicated by Eq. (40) is shown thereon as

the dotted line. The Chapman and Georgiev correlations are also indi-

cated on the figure. The asymptotic approach of the blockage factor to a
low finite value has been experimentally observed by others.2? Sych behavior

would be in agreement with the logarithmic correlation as opposed to the

linear relation.

It is probable that the nonlinear form of the relation between heat of
ablation and enthalpy was not noticed earlier because very few facilities
were able to study a wide range of mass loss rates and enthalpies. In addi-
tion, the accuracy of the measured enthalpies used in these correlations
left something to be desired. In fact, it will be noticed that in Fig. 31

the spread is quite large. This is to be expected since the spread will be

at least twice (1/n) that shown in the heat of ablation plot, Fig. 29, which
already has a percent standard deviation of 21%.
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D. ENTHALPY MEASUREMENT BY TEFLON ABLATION

The good correlation between the mass loss rate of Teflon, the cold
wall heating rate, and the stagnation pressure suggests a secondary method
of determining enthalpy. Elimination of the heating rate in Eq. (31)
through use of the Fay-Riddell relation, [Eq. (17)) and rearrangement of

terms leading to the following:

Ahe, = T.1% 104(at)‘-72(9t2)’°~92 : (41)
This has a percent standard deviation of 19%, and is based on the SRI

nodel dimensions. If such a Teflon model 1s used in an actual experimental
run it should be possible to determine the enthalpy from the mass loss rate

observed and the measured stagnation pressure, within the limits indicated.

E. COMPARISON OF MASS LOSS RATES BETWEEN FACILITIES

The mass loss rate correlation given in Eq. (22) and repeated below

h,oo= o.oosa(qsﬂl>°-58(Pc2)°-25
cw

(22)
can be used to compare ablation rates of Teflon between facilities in two
ways. In the first, the specific data for a given facility can be cor-

rected to a standard model configuration and size and to a standard heat-

ing rate and stagnation pressure. Thus for a
ey = 150 BTU/ft™ %sec”!
Pt = 0.1 atmos,
2

which is equivalent, for the present model size (R ;¢ = 0.172 ft), to
Dhe, = 4,720 BTU/1b7Y,
the standard mass loss rate would be from Eq. (22)

(m,) = 0.06 1b ft %sec”!
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The results from any facility using the

converted to an adjusted standard value for that

as long as the heating rate has been adjusted to a ].25

basis.

)

(m,

Std

FAC

This adjusted value can then be compared to 0.06 1b ft~2

t

(m )
FA(

The other comparison between

results with the correlation line directly.

150/ (qcy )
FA(

present Teflon model can then be

Facility by

0.58 01/(}) ) 0.
Yol
FAC

(42)

flat-face
-1

-inch,

s5€ec

facilities consists of comparing the

Thus, two facilities operat-

ing at quite different heating rates and stagnation pressures could de-

termine the relative goodness

correla

value.

tion,

of fit of their results in terms of the

and express this as a ratio of the measured to the predicted

A graphical indication of the operating regions for each facility

1s shown 1in Fig., 32.
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rate and stagnation pressure) used in the Teflon ablation runs. The
ascending lines are for the constant enthalpies indicated and are cal-
culated values based on the Fay -Riddell relation and the present model
dimensions. The descending lines are for the indicated constant Teflon
mass loss rates based on the ablation correlation, kq. (22), found for
the SRI calorimeter cold wall heating rate. The apparently high enthalpy
conditions for the Boeing facility are due to the plasma arc “coring "

which caused very high heating rates on the models.

It is obvious from this figure why few facilities can obtain compara-
tive ablation rates. Only a few operate in the same heating rate (or
enthalpy) and stagnation pressure regions, and, since both of these appear
to be of importance in determining the mass loss rate, only these few

might be expected to obtain comparable results directly.

All of the Teflon runs were made at exposure times of thirty seconds.
At the lowest heating rate used, 33 BTU-ft2?/sec, this would be equivalent
to a heat load of 1000 BTU/ft2. These points correlated as well as those

at higher heat loads.
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X ABLATION OF PHENOLIC-NYLON

Ablation of phenolic-nylon is much more complicated than that of
Teflon in that the former material heats up to its decomposition point
and then begins to pyrolyze, forming low molecular welght gaseous frag-
ments and a char. Initially these gaseous fragments are lost, but as
the char begins to build up the gases are cracked in their passage through
1t and coke is deposited. The char altimately becomes a porous carbon
layer that acts as an insulator. At this point the decomposition pro-
ceeds in a steady state manner and the heat absorbed during this process

becomes nearly constant.

A.  STEADY STATE ABLATION

A series of runs were undertaken at cach facility to determine the
steady-state ablation charucteristics of phenolic-nylon. This was gen-
erally a group of three models exposed under the same enthalpy and heating
rate conditions but for varving time periods. The longest exposure was
nominally chosen to be at a heat load of 6000 Btu/ft®. Since the heat
load was the product of the heating rate and exposure time, this time
could be determined once the desired heating rate for the run was chosen,
The medium exposure model was inserted for two-thirds of this time and

the short exposure for onc-third.

This set of models for cach facility is so designated in Appendix C.
The mass loss for cach wodel is plotted against exposure time in Fig. 33.
In most cases the related points can be connected by a straight line,
indicating that a steady state mass loss rate had been reached bv the
minimum exposure time. AL the same time, all of the lines have ¢ posi-
tive intercept, showing that there is an initial but higher rate, unsteady-

state period.

In view of the fact that the mass loss rate used in the correlations
1s obtained by dividing the total mass logs bv the total expusure time,
only the longest exposures will have mass loss rates near to the steady
state rates indicated by the slopes of the lines on this plot. For this
reason thce medium- and short-cxposure-time models were not used tn the

correlations,
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B. MASS LOSS RATE CORRELATION

The success in correlating the total mass loss rate of Teflon with
the heating rate and stagnation pressure suggested an attempt of this
type for the phenolic-nylon models. The form of the correlation would
be similar to Eq. (22) and the data in Appendix C were used with the

regression program to determine the coefficients. The results were:

a = 0.0017 + 21%
n = 0.56 £ 5.9%
m = 0.13 £ 14.6%

with a percent standard deviation of

P = +11% and -10%

o

A plot of these data is shown in Fig. 34

As with the Teflon ablation correlation, General Dynamics, Manned
Spacefract Center, Giannini, and Martin were excluded. If the estimated
SRI calorimeter values for the last two facilities are considered in

determining the coefficients for the correlation, the results are

a = 0.0018 * 18%
n = 0,55 % 5.1%
m = 0.13 £ 12.5%

with a percent standard deviation of

P = +10% and -9%

o4

Again, the change in coefficients is negligible.

C. ALTERNATIVE CORRELATIONS

As with Teflon, there may be other correlations than the one between the
mass transfer rate, the SRI calorimeter cold wall heat transfer rate,
and the stagnation pressure. However, the use of a hot wall heating
rate is much more difficult than in the Teflon case, because of problems
in determining front surface temperatures. In addition, there are a
number of mass loss rates that one can measure for phenolic-nylon. The

following section considers some alternative correlations.
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1. PyroLysis RATE

The pyrolysis rate is defined by Lundell et al,'®as the sum of the
vapor production and char production rates. The mass loss used in deter-
mining the rate is the difference in mass between the unablated model
core and the post-run core with the char cap removed. This determination
1s somewhat subjective in that it requires determination of how much char

must be removed.

A plot of the pyrolysis rate, hp, against the cold wall heating rate
and stagnation pressure, using the previous set of exponents, 1is identical
in appearance to Fig. 34, but with the intercept moved upward to a value
of 0.0020. The spread of the data is the same and, therefore, there
appears to be no advantage in using the pyrolysis rate rather than the
total mass loss rate in the correlation, especially since the latter

is simpler to determine.

2. ADJUSTED EXPONENTS

Determination of the heat of ablation is less meaningful for phenolic-
nylon than for Teflon because of the complex nature of the decomposition
mechanism for charring ablators. It is therefore more difficult to relate
this to enthalpy potentials and other environmental conditions. Never-
theless, it is of interest to determine how well the mass loss rate data
might be correlated when the heating rate and stagnation pressure expo-
nents are related as indicated in Eq. (34), so that the relation between
the heat of ablation and enthalpy potential is independent of stagnation

pressure. The correlation thus being considered is:
r'nt - C(qSRI)n(Pt )(l-n)/2 . (43)
" 2

Computations of these coefficients, based on the data in Appendix C, leads

to:

c = 10,0013 £ 25%
n = 0.64 % 5.3%
(1-n)/2 = 0.18 t 5.3%
with a percent standard deviation of
P =  +14% and -12.3% .

o
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These values are appreciably different from those obtained independent
of related exponents and shown in Fig. 34. This and the higher percent

standard deviation suggests that such a correlation is of little value.

3. MEASURED ENTHALPY POTENTIAL

Replacement of the cold wall heating rate by the enthalpy potential
provides another possible correlation as indicated in Eq. (27). Deter-

mination of the appropriate coefficient leads to

b = 0.0010 + 130%
u = 0.49 = 22%
v = 0.41 * 10%

with a percent standard deviation of

PU - +30% and -23%

A comparison of the percent standard deviation with that found for the
correlation involving the cold wall heating rate determined by SRI calo-
rimeter, namely, +11% and -10%, shows that the measured enthalpy is not
a satisfactory correlation parameter. Even elimination of the Boeing
and General Electric data because of “coring’’ does not have any major

effect in improving the correlation.

4. Facivity CoLp WarL HEATING RATE

The correlation involving the facility calorimeter rather than the
SRI calorimeter can also be tried on the phenolic-nylon. Its form would

be similar to Eq. (22).

m, = alqpc)" (P, )" . (44)
cw 2

Appendix C has 32 sets of data from six facilities which can be used to

determine the coefficients. The results of the computer program are:
a = 0.0034 1+ 27%
n = 0.46 t 5.9%
m = 0.18 £ 8.0%
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with a percent standard deviation of

P = 8%

a

A plot of these data is shown in Fig. 35.

The Martin replicate data are not plotted since the other parts of
the triplicate sets are so nearly the same in value that they would fall
on the other points. If these replicate data are added to the computer

program the coefficients become

a = 0.0039 + 27%
n = 0.44 + 5,8%
m = 0.18 + 7.7%

with a percent standard deviation of

% = +9% and -8%

o

This indicates that the Martin points are slightly out of line with the
other data. The facility correlation appears to be a good one although
1t would be advantageous to use calorimeters, pressure probes, and

ablation models all of the same size and configuration.

The round-robin results from Manned Spacecraft Center (see Appendix
C) can be compared with the facility correlation even though they are
subsonic., These data are shown in Fig. 36. As before, the solid and
dotted lines indicate the supersonic correlation and the percent standard

deviation of the data.

D. CHAR BEHAVIOR

The char density was calculated for each of the phenolic-nylon models
and is included in Appendix C. The char density was found to increase,
generally, with higher heating rates and higher surface temperatures.

This is equivalent to saying that the char density increases with higher
mass loss rates. Also it was noted that there was a stagnatlon pressure
effect since the subsonic data from Manned Spacecraft Center, and the
relatively high pressure supersonic data from ESB-Langley, represented

the high and low extremes in char density.
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The analysis techniques
others

phenolic-nylon results.

loss rates for
The total mass loss rate (mt),
the relation:

where Am is the model core weight loss, A 1s

The char removal rate (mCR) was

I

Ncn

where po, is the average
AV . :

char redédssion distance,

{rom:

The char production rate

Mep

where Ay s the char thickness
The pyrolysis rate, mp, 1s from

.

My

The

above

are ineluded in Appendix G

the total mass loss rate 1n

sur face

The pyrolysis rate (ﬁp) was

various

the various locations in the charring ablator.

as described previously, was

core area, and t 1s

calculated with the relation:

Fcrdy
AV T

t

char density for each facility and Ay,

The vapor production rate (my) is then

(m,,) was calculated from:
CcP

Perdye
AV
t

remaining on the model core.

the relation

My + Mep .

values were calculated for each phenulic—nylon mode L

used 1n

correlations, such as

temperature, but no reduction in data spread was realize

94

versus

that have been developed by Lundel 17 and
sere used in an attempt to obtain tighter correlations on che

These techniques are based on calculating mass

from

run time.

(16)

is the

dvvvlupcd

(47)

(18)

(19)

and
place of

front
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A plot of the ratio ([hv/r'np) for various heating rates is included
in Fig, 37 for the interest of materials evaluation groups, The ratio
decreased with increasing heat flux and followed a pattern similar to
the char density with the high pressure ESB-Langley results and the

Manned Spacecraft Center subsonic results representing the extremes.

No other meaningful correlations were found between char parameters

and environmental conditions.
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E. FRONT SURFACE TEMPERATURE

The reported front surface temperatures of the ablating phenolic-
nylon models were adjusted to an assumed emissivity of 0.85 and corrected
to absolute temperature in °Rankin. These data are included in Appendix
C and are also correlated with the mass loss rate of the phenolic-nylon
in Fig. 38. This graph indicates a reasonably good agreement in results
for all facilities, with the exception of the data from General Electric

where a different technique is used. In addition, when each facility

1s evaluated separately, there is less variation than for all groups
viewed collectively. This indicates a fairly good precision within a
facility, with possible differences in calibration techniques contribut-

ing to the group-to-group deviation.

The front surface temperature of the ablating Teflon was also re-
ceived from five facilities and is included in Appendix B. These data,
however, were not correlated because of the wide variation in results and

the general concensus that such values are difficult tomeasure on Teflon.

F. BACK SURFACE TEMPERATURE RISE

The model back surface temperature was monitored at most facilities
during an ablation run, and also as the model equilibrated in temperature
after the run was completed. As a result, two back surface temperature
rises are recorded in Appendix B: (1) the temperature rise at arc cutoff,
and (2) the maximum equilibrium temperature rise after run completion.
Numerous attempts were made to correlate the back surface temperature
rise with various relations involving such variaples as heating rate,
run time, and core weight. These correlations gave extreme variations,
both in facility-to-facility results and also within each group. It is
believed that these variations resulted from: (1) a long core length that
resulted in a low temperature response during the run, (2) side heating
through the metal back plate on the model, and (3) the various methods

used for mounting and holding the models.
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APPENDIX A

FACILITY INFORMATION AND INSTRUMENTATION USED FOR
NASA ROUND- ROBIN ABLATION TESTS
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APPENDIX 4

FACILITY INFORMATION AND INSTRUMENTATION USED FOR

NASA ROUND-ROBIN ABLATION TESTS

Appendix A tabulates, by facility, a description of each plasma arc

jet heater,

The tables first describe the arc heater and power supply,

then nozzle and test chamber dimensions, as well as the vacuum system and

insertion capability. The section of the table on instrumentation describes

the instruments or procedures used to measure the parameters indicated.

The facilities are tabulated in the following order.

A- 1
A- 2
A- 3
A- 4
A- 5
A- 6
A- 7
A- 8
A- 9
A-10
A-11
A-12

Gas Dynamics Branch—Ames Research Center——NASA

Entry Structures Branch-—Langley Research
Center—NASA

Applied Materials and Physics Division—
Langley Research Center—NASA

Manned Spacecraft Center—NASA

Flight Mechanics Division—Wright Patterson
Air Force Base

AVCO Corporation
Boeing Company
General Dynamics

General Electric Corporation, Space Technology
Center

Giannini Scientific Corporation
Martin Company

North American Aviation Incorporated
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APPENDIX B

TUNNEL CALIBRATION AND TEST! DATA

This appendix consists of separate tables containing the
plied by each participating facility, plus information on the
models determined at Stanford Research Institute. The latter

stitute the last five columns of the tables. The headings of

data sup-
ablation
data con-

the tables

are not completely uniform since individual organizations reported their

data somewhat differently.

One other note of interest is the assignment of calibration run

numbers by the Institute so that these runs could be identified in other

tabulations. Other remarks applicable to the specific columns are indi-

cated in the footnotes to the tables.
The order of the tables is as follows.

B- 1 Gas Dynamics Branch—Ames Research Center——NASA

B- 2 Entry Structures Branch—--Langley Research
Center—NASA

B- 3 Applied Materials and Physics Division—Langley
Research Center—NASA

B- 4 Manned Spacecraft Center——NASA

B- 5 Flight Mechanics Division—Wright-Patterson
Air Force Base

B- 6 AVCO Corporation
B- 7 Boeing Company

B- 8 General Dynamics

B- 9 General Electric Corporation, Space Technology Center

B-10 Giannini Scientific Corporation
B-11 Martin Company
B-12 North American Aviation Incorporated

B-13 Tunnel Conditions for Phenolic-Nylon Quality
Control Tests
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MODEL NO. TOTAL ENTHALPY HEAT TRANSFER MODEL STAGNATION PLENUM GAS FLOW
h, RATE PRESSURE P PRESSURE RATE
(Bru 171 v, (atm) Pey Yo
{Btu sec it~ ) p———m—— (atm) (1b sec )
SR PITOT PROBE
SRI CALORIMETER
(1) (2)
Teflon Models T96 5,500 212 0.0844 0.418 0.0114
T97 6,400 162 0.0878 0.435 0.0112
Tog 1,400 58 0.0794 0.393 0.0180
T99 3,400 132 0.0862 0.427 0.0143
T100 4,900 347 0.177 1.37 0.0376
T103 3,100 110 0.0824 0.408 0.0142
Phenolic-Nylon Models P7A2 5,400 212 0.0838 0.415 0.0113
P7A3 6,300 163 0.0834 0.413 0.0105
PTA4 5,200 256 0.164 0.810 0.0227
P7AS 5,000 236 0.159 0.789 0.0217
P7A6 4,900 235 0.157 0.7176 0.0217
P7A7 5,850 251 0.159 0.789 0.0191
P7B1 5,200 261 0.162 0.803 0.0206
P7B2 4,650 281 0.171 1.34 0.0374

(1) Enthalpy calculated by pressure rise method. Ref: TND 2132.
(2) Obtained from ratio of stagnation pressure to total pressure measured with SRI pitot probe for similar conditions
(3) Temperature data from radiometer No. 1 was believed to be more reliable and was used for all correlations.

MODEL NO. TOTAL ENTHALPY HEAT TRANSFER MODEL STAGNATION
k, RATE q_, PRESSURE Py,
(Beu lb-l) (Btu sec” ft..z) (atm)
CALORIMETER FACILITY PITOT PROB
Facility SRI
() (2) (3) (4) (5) (6)
Teflon Models T26 1,910 | 2,100 2,000 1,900 209 245 1.05
T27 2,955 [ 3,000 3,050 2,750 360 410 1.18
T28 1,365 1,450 1,270 1,370 136 145 0.92
T29 1,380 | 1,450 1,270 1,380 136 145 0.92
Phenolic-Nylon Models| P6A2 1,400 {1,450 1,270 1,370 136 145 0.92
P6AT 3,195 (3,000 3,050 2,750 360 410 1.18
PeBl -- 2,100 -- -- 209 245 1.05

(1) Enthalpy by heat balance method.

(2) Fnthalpy by sonic throat method. Ref: TND 1333.

(3) Enthalpy calculated from facility calorimeter.

(4) Enthalpy from pressure rise method Ref: TND 2132.

(5) Facility thin shell transient calorimeter, l.5-in. hemisphere adjusted by SRI to 1.25-in.
flat face 9pfF ~ 0.55 qpAC (1.5/].25)0'5 measured during calibration runs.

(6) SRI calorimeter measured during calibration run.

NOTE: Facility had single insertion capability so data on each variable were obtuined during separate runse.
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Table B-1

TUNNEL CALIBRATION AND TEST DATA REPORTED BY AMES RESEARCH CENTER —NASA
Ref: Data on Ames Test 51, Runs 55 to 75
FRONT SURFACE MAXIMUM EQUILIBRIUM | RUN TIME CORE WEIGHT CORE RECESSION CHAR PYROLYSIS
TEMPERATURE TEMPERATURE RISE t LOSS CHAR WEIGHT (in.) THICKNESS ZONE
Trs AFTER RUN COMPLETION (sec) (g) (g) (in.) (in,)
€ = 0.85 P
(°F)
Rad. No, 1|Rad., No. 2

98 30.9 2.102 0.178

95 31.9 1.786 0.152

-- 30.2 1.006 0.081

101 28.6 1.876 0.159

138 40.0 3.523 0.314

91 30.1 1.725 0.138

(3)
3, 640 4,040 64 61.1 1.224 0.332 0,087 0.148 0.070
3,390 3,710 152 41.4 0.769 0.190 0.027 0.113 0.055
3,840 4,140 186 38.4 1.040 0.307 0.078 0.122 0.055
3,770 4,090 156 23.2 0.736 0.231 0.032 0.110 0.045
3,590 3,970 121 15.6 0.521 0,143 0.022 0.073 0.030
3,540 3,880 157 27.6 0. 684 0.199 0.032 0.099 0.045
3,830 4,140 186 38.6 1.023 0.317 0.063 0.136 0.060
3,740 4,080 198 30.3 0.900 0.245 0.064 0.105 0.050
Table B-2
TUNNEL CALIBRATION AND TEST DATA REPORTED BY ENTRY STRUCTURE BRANCH-LANGLEY RESEARCH CENTER—NASA

Ref:

Letter Report on Runs 30 to 39

ARC CHAMBER GAS FLOW RUN TIME| CORE WEIGHT CORE RECESSION CHAR PYROLYSIS
PRESSURE ptl RATE t LOSS CHAR WEIGHT (in.) THICKNESS Z.ONE
(atm) (b swec-l) (sec) (g) (g) (in.)
3.28 0.254 20 2.875 0.256
3.69 0.254 20 4.213 0.371
2.87 0.254 19.6 1.806 0.151
2.87 0.257 30 2.909 0.259
2.87 0.257 40 1.287 0.080 0.158 0.050 0.030
3.69 0,254 20 1.033 0.149 0.105 0.077 0.035
3.28 -- 40 1.659 0.102 0.212 0.055 0.030
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MODEL NO.. TOTAL ENTHALPY | HEAT TRANSFER MODEL STAGNATION| PLENUM
h BATE PRESSURE PRESSURE

(Btublb-l) q, Pt2 (atm) Ptl

CALORIMETER | SRT Pitot Probe (atm)

Facility | SRI
() (2) (3)

Teflon Models T1 3,686 3,650 68 0.0483 3.83
T4 2,056 2,550 51 0.110 9.30

TS5 2,216 2,550 37 0.0434 3.70

Té6 5,815 5,150 93 -- 3.52

T7 3,150 3,600 88 0.1302 10. 50

T8 3,187 3,300 65 0.0454 3. 60

T11 8,503 5,300 94 0.020 1.52

T6l 4,782 6,600 98 0.069 5.86
Phenolic<Nylon Models P2A4 2,218 2,500 37 0.0431 3. 67
P2A5 5,012 4,900 97 -- 3.47

P4B3 4,382 6,000 113 0. 069 5.86

P5B1 7,670 6,400 77 0.0221 1.75

P5B3 6,031 5,300 93 -- 3.54

P5B4 4,900 4,900 102 -- 3.50

PS5BS 3,478 3, 650 67 0.0495 3.93

P5B6 3,586 3,500 63 0490 3.90

P5B7 2,985 3,400 91 0.1262 10.10

SRI Calib.
Run No. (4)

Tunnel Calibration Runs 3C1 5,430 4,900 95 106 -- 3. 54
3C2 3,731 3,300 67 0.0454 3.60

3C3 2,300 2,700 36 0.0442 3.76

3C4 2,035 2,650 51 0.110 9.30

3C5 2,721 2,500 84 0.1302 10,50

3C6 5,025 5,300 91 0.0489 4.10

3C7 7,143 6,600 86 0.0228 1.74

(1) Enthalpy by heat balance method.
(2) Enthalpy by sonic flow method. TND 2132
(3) Based on results obtained with SRI pitot pressure probe in tunnel calibration runs.

(4) Facility thin shell calorimeter,

. . 0.5
app = 055 dpac (2.0/1.25)
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TUNNEL CALEIBRATION AND TEST DATA REPORTED BY AMPD-LANGLEY RE

Table B-3

SEARCH CENTER—NASA

Ref: Data on Runs 288 to 334 in 20-in. HAHT
GAS BACK SURFACE RUN TIME | CORE WEIGHT CORE RECESSION CHAR PYROLYSIS
FLOW RATE | TEMPERATURE RISE t LOSS CHAR WEIGHT (in.) THICKNESS ZONE
W -1 AT ARC CUTOFF (sec) (g) (g) (in.) (in. )
(Ib sec™ ") (°F)

0.0656 2 31.0 0.972 0.087

0.1817 3 29.3 0.764 0.067

0.0732 4 31.5 0.529 0.048

0.052 10 28.9 1.102 0.096

0.179 9 30.2 1.473 0.129

0.0644 2 30.8 0.932 0.083

0.0225 2 31.0 0.858 0.075

0.0789 S 37.0 1.388 0.122

0.0727 67 136.8 0.974 0.191 0.041 0.111 0.060
0.0525 6 28.5 0.415 0.114 0.011 0.062 0.042
0.0825 -- 32.6 0.402 0.105 0.015 0.058 0.040
0.023 -- 16. 6 0.321 0.076 0.012 0.042 0.033
0.052 20 58.6 0.769 0.200 0.024 0.106 0.053
0.053 2 15.1 0.265 0.074 0.008 0.038 0.025
0.0672 46 98.1 0.992 0.220 0.052 0.120 0.062
0.0677 42 99.1 0.975 0.210 0.043 0.119 0.065
0.1778 22 65.4 0.916 0.212 0.045 0.112 0.056
0.0535

0.0645

0.0730

0.1801

0.2081

0.0598

0.0234
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MODEL NO. TOTAL ENTHALPY HEAT TRANSFER RATE MODEL STAGNATTON
h‘ . PUESSURE
-1 Aew P
(Beu 1b” ) -1 -2 (3:3)
(Btu sec fv °)
CALORIMETER FACILITY
PITOT PROBE
Facility SRI
(1) (2)
Teflon Models T47 5,000 300 1.0
T48 8,818 525 1.0
T51 12,449 807 1.0
T33 5,493 436 1.0
T54 7,500 528 1.0
Phenolic-Nylon Models P4B2 7,701 540 1.0
P4B4 6,037 478 1.0
P4BS 7,521 534 1.0
P4B6 5,064 316 1.0
P4B? 5,424 413 1.0
P8B2 5,800 295 1.0
P8B4 4,510 115 1.0
P8B5 5,800 295 1.0
P8B6 5,876 300 1.0
P9A3 12,068 746 1.0
P9A4 5,281 350 1.0
Teflon Models (4) 1 13,273 783 1.0
2 4,266 300 1.0
3 5,001 280 1.0
4 8,378 529 1.0
5 13,146 657 1.0
6 5,864 320 1.0
7 7,419 506 1.0
8 13,043 793 1.0
SRI Calib.
Run No. (5) (6)
Calorimeter Calibration Runs 4Cl1 4,830 315 331 1.0
4C2 6,568 470 | 4063 1.0
4C3 11, 638 652 616 1.0
4C4 5,223 330 331 1.0
4CS 7,505 497 381 1.0
4Co 13,300 718 698 1.0
4C7 5,486 337 275 1.0
AC8 5,760 280 283 1.0
4C9 5,380 323 296 1.0
4C10 5,440 307 181 1.0
4C11 5,025 137 134 1.0
4C12 6,525 345 325 1.0
4C13 11, 681 550 504 1.0

(1) Enthalpy by heat balance method

(2) Facility Hy-Cal asymptotic calorimeter

(3) Measured by MSC, Houston

(4) Teflon models furnished by MSC-similar dimensions
as SRI model
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TUNNEL CALIBRATION AND TEST DATA REPORTED BY MANNED SPACECRAFT CENTER,

Table B-4

HOUSTON —NASA

Ref: Report ES3, September 3, 1964
FRONT SURFACE RUN TIME | CORE WEIGHT CORE RECESSION CHAR PYROLYSIS MOCEL DISTANCF
TEMPERATURE t LOSS CHAR WEIGHT (in.) THICKNESS ZONE FROM NOZ/LE
TFs (sec) (g) (g) (in.) (in.) (EXI’I;
ine
(°F)
(€ = 1.0) ()
900 31.3 1.995 0.184 1.5
400 29.4 3.290 0.305 1.5
-- 30.0 4.221 0.389 1.5
1,500 31.7 3.200 0.296 1.5
1,900 29.4 3.329 0.303 1.5
(¢ =0.8) (8)
4,430 12.8 0.623 0.275 0.028 0.104 0.050 1.5
5,070 30.2 1.184 0.456 0.085 0.160 0.083 1.5
4,342 30.3 1.271 0.483 0.092 0.192 0.075 1.5
4,025 22.0 0.728 0.324 0.030 0.127 0.070 1.5
-- 4.6 0.213 0.079 0.004 0.037 0.020 1.5
4,218 32.7 0.973 0.456 0.057 0.156 0.075 1.5
3,552 31.9 0.570 0.248 +0.004 0.108 0.080 1.5
3,820 15.0 0.504 0.243 0.019 0.090 0.045 1.5
3,733 10.0 1.227 0.270 0.061 0.163 0.082 1.5
5,025 20.0 1.059 0.407 0.073 0. 145 0.055 1.5
-- 8.5 0. 345 0.129 0.005 0.062 0.030 1.5
(3)
18.1 2.28 2.0
34.2 3.27 2.0
28.8 2.29 1.5
29.8 3.39 1.5
29,2 3.59 1.5
31.9 2,61 1.5
31.0 3.39 1.5
27.8 3.95 1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

(5)
(6)
(7)
(8)

Heat transfer data determined on MSC slug calorimeter similar to SRI design
Heat transfer data determined on SRI calorimeter

Measured with radiometer
Measured with optical pyrometer
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MODEL NO. TOTAL ENTHALPY HEAT TRANSFER MODEL PLENUM
h . RATE :1 S'l'/\C:N‘ /\.Tl (?N PHF.S.SURE
Bru 1) Sev PRESSURE Py
(Btu sec fv °) to (atm)
CALORIMETER PITOT PROBE
Facility SRI Facility SRI
(1) (2) (3)
Teflon Models T33(9) 1,597 2,177 64.7 0.0996 116.5
T34 2,500 2,403 88 0.1193 35.9
T35 1,971 2,034 59.2 0.0962 23.1
T30 3,281 5,137 190.2 0.1134 35.7
T31(9) -- 3,811 144 0.152 35.4
Phenolic-Nylon Models P1A2 4,994 13,533 651.4 0.2338 16.75
PiA4 2,908 3,854 143.4 0. 1181 310
P1A6 2,978 4,018 152.6 0.1531 36.0
P1A7 2,945 3,337 126.3 0. 1547 35.9
P1A8 2,794 3,367 126.3 01513 35,4
PeB1 1,827 2,538 76.3 0. 0999 117.0
P1AS -- 4,346 269.3 0. 14059 43.5
SRI Calib.
Run No. 1)
Tunne! Calibration Buns 5C1 1,760 2,327 98.5 86.5(5) 0.1118 35,4
5C2 2,950 3,902) 164.0 150.0(5) 0.1520 35.1
5C3 2,880 3,937 1] 189.0 119.0(3) 0.1520 35.6
5C4 2,820 3,048 | 202.5 136.5(0) 0.1495 35.0
5C5 1,760 -- -- -- 0.13609 0.1377 35.9
5C6 1,562 15,511 -- 660.8(5) 0.1828 19.6
5CT 1,900 11,191 ] 598. 4(5) [ 188.0(3) 0.1828 19.1
5C8 -- 3,084 219.3(7) 212.2(3) 0.3911 Hih
(1) Enthalpy by heat balance method.
(2) Enthalpy calculated from SRI heat transfer data.
(3) SRI calorimeter with nickel surface identical to SRI calorimeter furnished all other facilities.
(4) Facility calorimeter, silver surface, l-in.-diameter hemisphere, results adjusted by SBI to equal
125~ in.-diameter flat face with relation qpp = 0.55 dpye (1.0/1.29)%-5,
(5) SRI design calorimeter, silver surface.
(6) SRI design calorimeter, silicon monoxide surface.
(7) SRI design calorimeter, copper surface.
(8) No heat shield on aft end of ablation model.
(9) Model T33 was designated T33A in WPAFB data and T37 was designated T33 in WPAFB data.
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Table B-5

TUNNEL CALYBRATION AND TEST DATA REPORTED Ry FILIGHT MECHANICS DIVISION,
WRIGHT-PATTERSON AIR FORCE BASE.

Ref: Data ou Runs FIM 1 o 17

GAS BACK SURFACE RUN TIME Dt CORE WEIGHT CORE RECESSION CHAR i PYROLYSIS
FL.OW RATE TEMPER/\:FU‘RE RISE t (in.) LOSS CHAR WEIGHT (in.) THICKNESS ZONE
W AT ARC CUTOFF (sec) (g) (g) (in.) (in.)
(1b sec_l) (°F)

0.220 0.18 28.80 0.165 0.837 0.074

0.297 0 28.73 0.375 1.384 0.120

0.223 2.20 30.82 0.375 0.968 0.085

0.282 () 30.23 0.375 2.181 0.193

0.285 10.07 29,28 0.375 1.821 0.161

0.280 396.0(8) 53.93 0.375 2.015 0.555 0.159 0.189 0.070

0.277 1.76 27.28 0.375 0.559 0.139 0.022 0.076 0.054

0.297 17 10.34 0.375 0.743 0.200 0.037 0.096 0.072

0.298 0.88 23.36 0.375 0.484 0.128 0.019 0.065 0.052

0.298 0. 44 16.19 0.375 0.362 0.092 0.013 0.048 0.036

0.211 6.15 58.93 0.165 0.759 0.148 0.039 0.086 0.082
-- 3.52 22.56 0.375 0.696 0.170 0.030 0.097 0.045

0.325 0.375

0.285 0.375

0.273 0.375

0.272 0.375

0.281 0.375

0.233 0.375

0.235 0.375
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MODEL NO. | TOTAL ENTHALPY HEAT TRANSFER MODEL PLENUM GAS
ho RATE §_, STAGNATION PRESSURE FLOW RATE
(Bru 1b°H) o1 -9 PRESSURE P, w
(Rtu sec ft °) pLZ {atm) (atlm) (lb sec_l)
CALOREMETER SRI PITOT PROBE
Facility SRI
SV (2) (3)
Teflon Models T18 4,600 104 74 0.0250 0.121 0.0010 0 0050
Ti4 5,000 122 82 0.0255 0.137 0.00092 0.0057
Ti7 14,500 322 200 0.0140 0. 0697 0.00145 0.0029
Tie 9,800 202 127 0.0150 0.0841 (.00120 0.0035
T15 10, 400 102 85 0.0075 0.0378 0.00105 0.0015
Ti3 5,200 14 50 0.0075 0.0426 0.000e6 0.0022
Phenolic-Nylon Models P2B1 4,700 116 80 0.025 0.137 0.00092 0.0057
P2B3 5,100 112 84 0.025 0.135 0.00079 0.0057
P2B4 5,100 117 84 0.0255 0.137 0.00079 0.0057
P2B2 14.500 317 215 0.014 0.0697 0.00145 0.0029
P2BS 10,100 100 84 0.0075 0.0371 0.00105 0.0015
P2B6 15,000 155 125 0.0066 0.0341 0.00120 0.0014
P2B7 4,900 47 51 0.0075 0.0429 0. 00066 0.0022

(1) Enthalpy measured by energy balance method.

(2) AVOD design transient type calori

meter, 1.25-in.-diameter flat face shape, 0.375 heated diameter,

(3) 1.25-in.-diameter uncooled SRI pitot probe used for all stagnation pressure messurements.

copper surface.

MODEL. NO. | TOTAL ENTHALPY |HEAT TRANSFER RATE MODEL STAGNATION NOZZLE EXIT | TEST CHAMBER

b (Btu ™ 1 ) ; PRESSURE PRESSURE PRESSURE

t cw —9 P, (atm) L (atm) P (atm)

(Btu sec fv °) 2
. ——1) FACILITY PITOT RROBE
CALORIMETER
Facility SR1
(1) (2) (3) (4)

Teflon Models T40 6,360 119 291 | 269 0.022 0.0030 0.0025
T4l 4,850 -- -- 238 0.018 0.0034 0.0027

T45 14, 480 793 551 | 508 0. 031 0.0033 0.0027

T46 10,230 135 511 | 511 0.031 0.0034 (.0029

Phenolic-Nylon P1BS 4,000 -- -- | 467 0.041 0.0045 --

Model s P1B3 4,830 .- -- | 246 0.015 0.0034 0 0026
P1Bo 4,810 -- -- 1235 0.017 0.0035 0.0031

P1B1 14,530 852 592 | 570 -- 0.0033 0.0029

P12 4,590 1,035 719 {617 0.045 0.0061 0.0048

PiB4 10,350 945 656 | 590 0.034 0.0039 0.0031

P1B7 5,050 871 605 | 559 0. 035 0.0052 0.0043

P3B4 6,390 431 299 | 270 0.023 0.0031 0.0027

P3B5 14,180 850 591 1612 0.030 -- --
(1) Enthalpy measured by energy balance methed.

(2)

Boeing calorimeter 2.0-in.-diameter hemispherical shape,

platimum-plated surface on copper.

3)
(4)

Boeing calorimeter data reduced by SRI to 1.25-in.-diameter flat

0.74-in.

Boeing pitot probe, 1,25-in.-diameter water-cooled copper probe.
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Table

B-6

TUNNEL CALIBRATION AND TEST DATA REPORTED BY AVCO CORPORATION

RHef: AVCO Report Prepared Under Purchase Order B-54320 US, 6 May 1964
FRONT SURFACE BACK SURFACE MAXTMUM EQUILIBRIUM |[RUN TIME CORE WEIGHT CORE RECESSION CHAR PYROLYSIS
TEMPERATURE TEMPERATURE RISE TEMPERATURE RISE t 1.0SS CHAR WEIGHT (in.) THICKNESS ZONE
TFS AT ARC CUTOFF AFTER RUN COMPLETION (sec) {g) (g) {in.) {1in.)
o o
| (°F) ('F) (°F)
3.3 130 30 2.265 0.190
2. 100 30 1.149 0.103
9. -- 30 1.291 0.111
5. 134 30 1.056 0.088
4. 110 30 0.683 0.070
0. 86 30 0.425 0.035
3,350 5. -- 60 0.902 0.178 0.060 0.107 0.055
‘ 3,260 -- -- 40 0.588 0.127 0.029 0.075 0.050
‘ 2,920 0. 82 20 0.332 0.080 0.050 0.050 0.015
3,010 1.5 -- 20 0.428 0.119 0.010 0.068 0.035
2,640 1.3 -- 60 0.560 0.133 0.010 0.084 0.065
! 2,700 2.5 154 40 0.536 0.116 0.018 0.071 0.030
i 2,480 -- -- 120 0.867 0.176 0.031 0.105 0.087
Table B-7
TUNNEIL. CALIBRATION AND TEST DATA REPORTED BY BOEING COMPANY
Ref: Boeing Document D2-23402, June 30, 1964
v
GAS FLOW BACK SURFACE TEMPERATURE MAXIMUM EQUIL IBRIUM RUN TIME | CORE WEIGHT CORE. RECESSION CHAR PYROLYSIS
RATE W RISE AT ARC CUTOFF TEMPERATURE RISE AFTER | t (sec) LOSS CHAR WEIGHT (in.) THICKNESS ZONE
(1b scc_l) (°F) RUN COMPLETION (g} (g) (in.) (in.)
(°F)
0.0065 7.5 116 30 1.458 0.132
0.0095 7 127 30 1.598 0.139
0.0040 9 121 30 2.204 0.199
' 00053 9 125 30 2.061 0186
0.020 1 -- 9 0.307 0.107 0.009 0.047 0.038
0.0095 21 102 20 0.469 0.159 . 009 0.080 0. 040
0.0095 3 105 15 0.390 0.130 0.007 0065 0,035
0.0040 2 109 13 0.477 0.131 0.013 0.078 0. 035
0.020 3.5 103 9 0.388 0,119 0. 008 0,063 0. 045
. 0.0069 1.5 105 12 0.418 0,161 0,007 0.079 0.035
0.014 3.0 117 13 0. 447 0.162 0.0 0.080 0,010
0. 0065 3.5 130 21 0.501 0. 145 o0.0n 0.082 0.045
0. 0010 - - -- 13 0.304 0. 109 0005 0.070 (. 025
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MODEL TOTAL HEAT TRANSFER MODEL
NO. ENTHALPY RATE g STAGNATION
h, _1“”_2 PRESSURE
Breo lb.l) (Btu sec fv “) Ptz (atm)
CALORIMETER PITOT PROBE
Facility SRI | Facility SRI
(1) (2)] (3) | (4) (5)

Teflon Models T49 4,900 398 0.421
T50 3,880 R 0.490
T52 5,500 47 36| 34 0.037
T56 2,800 434 1.43
T86 3,700 535 451 0.56
T44 15,000 245 0.72

Phenolic-Nylon P6AS 4,900 387 0.394

Models P6A6 2,800 381 1.63
P6B2 4,900 372 0.388
PgB1 3,700 461 425 0.557
P8B3 4,900 376 0.400
P9B3 5, 500 44 33 40 0.037
PB4 17,000 318 0.84
SRI Calib.
Run No.

Tunnel Calibration 8C1 4,900 394 397 0.422

Buns 8C2 4,900 384 370 0.367
8C3 3,700 550 519 0.71
8C4 3,300 -- 317 1.63

(1) Total enthalpy by heat balance method.

(2) Facility calorimeter 0.75-in.-diameter flat face adjusted by GD to 1.25-in. flat
face 4y.95 = 90.75 (0.75/1.0)%5 sensing diameter 0.375 ins

(3) Facility calorimeter l-in.-diameter flat face adjusted by GD to 1.25-in. flat

. . 0.5
face q; 95 % 41,0 (1.0/125) """, sensing diameter 0.5 in.

(4) Facility calorimeter 1.25~in.-diameter, sensing diameter 0.625 in.

(5) Facility pitot probe l-in. diameter.

NOTE: All above tests were made with nitrogen gas. Models T56 and T86 were asymmetric
possibly due to small jet diameter.
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Table B-8

TUNNEL CALIBRATION AND TEST DATA REPORTED BY GENERAL DYNAMICS

f
I—

Ref: GD/FW Test No. HRF 64-2-1
GAS FLOW | BACK SURFACE RUN . CORE CORE RECESSION CHAR PYROLYSIS
‘ CHAMBER RATE TEMPERATURE TIME | WEIGHT CHAR (in.) THICKNESS ZONE
‘ PRESSURE W -1 RISE AT t LOSS WEIGHT (in.) DEPTH
‘ 21 (atm) |(1b sec™ 1) ARC(EE¥OFF (sec) (g) (g) (in,)
)
3.23 0.0333 > 1,075 8.401 1.279 0.117
3.26 0.0326 -- 10.70 | 3.886 0.347
0. 54 0. 00385 -- 25.08 | 0.628 0.056
! 13.96 0.180 -- 9.18 | 3.208 0.290
6.80 0.0808 -- 15.12 | 2.868 0.240
6.51 0.00318 -- 34.43 | 2.007 0.180
3.2 0.0332 > 1,075 6.05 | 0.326| 0.089| 0.002 0.053 0.022
15.0 0.109 -- 11.28 | 2.173 ] 0.055| 0.240 0.023 0.033
3.26 0.0332 -- 21.60 | 0.760 | 0.299| 0.037 0.115 0.055
6.76 0.0800 -- 20.46 ] 0.868 | 0.308[ 0.013 0.137 0.0680
3.26 0.0333 -- 15.12 | 0.546| 0.204| 0.016 0.085 0.048
0.54 0.00385 -- 63.0 0.586 1 0.119{ 0.023 0.067 0.052
7.14 0.00316 -- 24.21 | 0.606 | 0.226( 0.014 0.112 0.050
3.17 0.0329
3.29 0.0331
6.74 0.0843
15.0 0.193

125




MODEL NO. | TOTAL ENTHALPY| HEAT TRANSFER MODEL STAGNATION PLENUM | GAS FLOW | FRONT SURFACK
h RATE § PRESSURE Py PRESSURE RATE TEMPERATURE
C ol 2178 -2 (atm) 2 P W Ty
(Beu 1b ) (Btu sec fv <) ty - b=
(atm) | L1P see (1)
SRI CALORIMETER | SRT PITOT PROBE
(1) (2) (3) (8)
Teflon NModels T62 13,550 320 0.0630 1.6l 0.00150 2,010
Te3 3,210 215 0,0370 1.17 0.00175 1,900
Tea 3,180 215 0.0370 P11 0.00175 --
T65 13,120 69 0.00825 1.60 0, 00150 L, 650
T66 8,000 214 0.0411 1.23 0. 00150 1,880
T70 5, 660 131 0.0331 1.08 0, 00140 1,770
T75 5,400 A4.7 0.00720 1.09 0.00140 1, 640
Phenolie-Nylon Mode ls P5A2 5,690 131 0.0331 1,08 (. 00140 2,330
P5A3 13,440 320 0. 0630 1.59 0. 00150 2,750
P5AS 5,660 131 0.0331 1.08 0., 00140 2,370
P5A6 8,120 214 0.0411 1.24 0, 00150 2,510
P5A7 5,700 131 0.0331 1.09 0.00140 --
P8A2 5,770 131 0.0331 1.08 0.00140 2,310
PBA3 5, 600 A4.7 0.00720 1.13 0, 00140 2,030
P8A4 13,120 69.0 0. 00825 1.60 0. 00150 1,940
SRI Calib.
Run No. (4)
) N N 1
bre-Test Calibration 9C1 13,080 158 {0.00150
; 9(:2 13,170 1.58 0,00152
9C3 12,900 1.57 0.00152
9C4 13,170 1.58 (. 00150
905 8,290 1.26 0. 00148
9C.6 8,350 1.26 0,00152
9C7 8§, 600 1.22 0. 00150
9C8 5, 660 1.08 (. 00140
9Co 5, 580 1.08 0, 00140
9C10 5,480 1.11 0,00141
9Cl11 5,720 1,09 0.00140
9C12 3,250 it |uoo017e
9C13 3,250 .14 0.00171
(5) (6)
9Cl14 13,000 330 1.63
9C15 13,000 324 1.62
9Cl16 8,500 212 1.27
9C17 8,500 215 1.27
9C18 5,000 133 L. 10
9C19 5,000 129 L. 10
9C20 3,000 217 1.14
9C21 3,000 214 1.16
9C22 13,000 75.3 1.63
923 13,000 64.0 1.63
9C24 13,000 67.2 1.62
925 5, 000 44.5 1.09
9C26 5, 000 14.9 1.10
(1) (7) .
927 5,650 0.0331 1.08 0,001 10
928 13,130 0.0630 1.6 0, 00150
929 4,700 0.0411 1.22  lo.oo1se
930 3,110 0.0370 1.10 0. 00175
9C31 13,080 0.00825 1.61 €. 00150
932 5,590 0.00720 1.10 0, 0011
(1) Enthalpy caleulated fram pre-test calibration with total calorimeter and the relation:
b l’l“,(). \\Vr().‘) where h = enthalpy, P = plenum pressure, [ = power, W air mass flow
hr l’r|~f:)'5“0'5 and subscript r refers to pre-test total calorimeter runs.

(2) leating rate averaged from pre-test SRl calorimeter runs,

(3) Stagnation pressures from pre-test SRl pitot probe runs.
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B-9

CALIBRATION AND TEST DATA REPORTED BY GENFRAL. ELECTRIC SPACE TECHNOLOGY CENTER
G.F. Round Robin Ablation Final Report, 30 September 1964

) Sy i T
Be

LN YL LA e bt s e
—
=

.00
LU0

LN e —
—

BACK SURFACE MAXIMUM EQUILIBRIUM | RUN TIME | NOZZLE EXIT CORE WEIGHT (ORE RECESSTON CHAR PYROLYSIS
TEMPERATURE RISE TEMPERATURE RISE t DIAMETER L.Oss CHAR WEIGHT (in.) THICKNESS ZONE
AT :\H(l‘ CUTOFF AFTER RUN COMPLETION (sec) D, (g) (g) (in.) (in.)
°F) (in.)
7 146 30.0 1.19 2.756 0,244
3 55 25.2 1.19 1.488 0.110
0 24 12.0 1.19 0.633 0.055
0 66 31.6 5.00 0. 695 0. 060
7 124 32.2 1.19 1.955 0.172
0 44 30.0 1,19 l.6ll 0.142
4 40 36.0 5..00 0.522 0. 045
1 64 29,9 119 0.630 0.147 0.033 0,078 0,036
1 111 22.0 1.19 0.738 0.267 0,017 0.107 0,045
7 98 45.0 1.19 0.776 0.160 0.045 0,088 0.055
4 110 33.1 1.]9 0.763 0.197 0.041 0.105 0,050
0 54 20.0 1.19 0.466 0.114 0.018 0. 061 0.0145
1 36 20.0 1.19 0.456 0.105 0.019 0,077 0.045
30 173 120.0 5.00 0.823 0.157 0.039 0,092 0.110
11 178 75.0 5.00 0.818 0,118 0.051 0,088 0. 080

(1)
‘(5)
‘[((:)
(7)
(8)

Enthulpy determined by total calorimetry.

Nominal enthalpy from resnlts under (4).

Heating rate determined on SRI transicent calorimeter,

Stagnation pressure determined on SHI pitot probe,

Twoscolor optical pyrometor emissivity factor assumed to

cancel out.

127




MODE!. NO. | TOTAL ENTHALPY HEAT TRANSFER RATE MODEL. STAGNATION PLENUM NOZZLE EXIT

h (Bt lb“l) * PRESSURE PRESSURE PRESSURE

t u Uew l’t (atm) Ptl PP (atm)

-1 -2 2 .
(Bru sec = fr °) PITOT PROBE taem)
CAL?F[METER Facility SRI
Facility SRI
(1) (2) (3)

Teflon Models T20 5,105 275.6 0.047 0.230 0.00450
T23 15,110 857.9 0.048 0.311 0.00520

T24 10,025 563. 4 0.052 0.279 0. 00500

T21 3,035 186.5 0.057 (.270 0.00550

T22 1,965 152.4 0. 021 0.082 0.00166

Phenolic-Nylon P3A2 5,000 276.5 0.016 0.230 (. 00460
Models P3A3 4,855 274.9 0.046 0.229 0.00440
P3B3 15,050 854.8 0.048 0.311 0.00515

P3B1 10,035 303.3 0.021 0.080 0.00146

P3A5 4,978 352. 4 0.078 0.3061 0.00718

P3A6 5,010 354.4 0.077 0.360 0.00715

P3AT 1,975 353.4 0.078 362 0.00728

P3B2 5,010 150.8 0.020 . 083 0.00165

(1)

Tunnel Calibration T20 1,920 274.8 106.9 | 127.7 0.040 0.229 0.0045

Runs for Model Nos. P3A2 1,955 0.043 0. 0440 . 230 0.0046
P3A3 5,005 275.2 107.1 | 125.7 0.047 0.230 0.0045

T23 14,955 855.3 332.7 1296.4 0.049 0.310 0.00515

P3B3 15,875 855.5 0.048 0. 0491 0.311 0.00520
T24 9,985 561. 4 218.4 1 160.7 0.051 0,277 0.00499
T21 2,985 S 181.9 71.9 81.8 0.058 0.268 0.00548
P3A5 5,005 351.2 136.6 | 144.5 0.077 0.361 0.00725

P3A6, P3IAT
T22 5,025 1511 58.9 55.1 0.020 0.083 0.00166
P3B2 5,000 152.5 0.020 0.020 0.085 0.00169
P3B1 9,974 302.8 117.8 | 133.9 0.021 0.079 0.00142
10,054 301.8 0.021 0. 021 0.079 0.00144
(1)' Fnthalpy measured by energy balance metlhod.
(2) Giannini calorimeter - 0,625-in.-diameter, hemispherical steady state type, water temperature rise - copper surface,

(3) Giannini pitet probe - water cooled - 0,025-1n.-diameter.

(4) Giannini calorimeter reduced by GSCto 1.25-in.-drameter flat face &Fr =
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TUNNEL CALTBRATION AND TEST DATA REPORTED BY GIANNIND SCIENTIFIC CORPORATION

Ref:

Giannini

Report No.

ITR-024-B54319,

February 1964

MAXIMUM EQUILIBRIUM

GAS FLOW | FRONT SURFACE | BACK SURFACE RUN TIME | CORE CORE | RECESSION CHAR PYROLYSIS
RATE W TEMPERATURE | TEMPERATURE TEMPERATURE RI SE t (sec) |WEIGHT | CHAR (in.) THICKNESS ZONE
(1b -1, Tpg € = 1 RISE AT ARC AFTER RUN LOSS | WEIGHT (in.) (in.)
sec °F) CUTOFF COMPLETI ON (g) (g)
(°F) (°F)
0.01237 2,420 5 148 30 1.272 0.106
0.01062 2,860 15 175 30 1.700 0.145
0.01150 2,660 7 141 30 1.403 0.119
0.01750 2,390 10 60 30 1.242 0.099
0.00437 2,150 3 140 30 0.625 0.051
0.01237 3,000 5 140 30 0.540 | 0.134 0.014 0.078 0.055
0.01237 3,350 62 275 60 0.912 0.237 0.027 0.132 0.065
0.01062 3,650 6 295 20 0.527 0.171 0.012 0.088 0.040
0.00338 3,350 21 216 60 0.882 0.214 0.034 0.123 0.075
0.0191 3,510 33 -- 48 0.855 0.255 0.035 0.121 0.065
0.0191 3+300 15 -- 30 0.580 0.166 0.011 0.093 0.050
0.0191 2,880 3 5t 15 0.341 0.084 0.007 0.047 0.030
0.00437 2,700 134 27 120 1.189 0.214 0.044 0.138 0.120
SRI Calib.
Run No.
0.01237 10C1
0.01237 10C2
0.01237 10C3
0.01062 10C4
0.01062 10C5
0.01150 10C6
0.01750 10C7
0.01910 10C8
0.00437 10C9
0.00437 10C10
0.00338 10C1H
0.00338 10C12
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MODEL NO. TOTAL HEAT TRANSFER RATE| MODEL STAGNATION PLENUM NOZZLE TEST
ENTHALPY . PRESSURE PRESSURE EXIT CHAMBER
b, Tew P, P, PRESSURE | PRESSURE
-1 -1, -2 1 P P
B 1b ) (Bt fr °) . e c
(Bro Lot (atm) (atn) | (aem) | (atm)
CALORIMETER PITOT PROBE
Facility SRI Facility | SRI
(1 (2) (3)

Teflon Models T72 5,086 95 0.0271 0.1355 0.00195 0.00191
T74 5,220 94 0.0271 0.1355 | 0.00195 | 0.00191
T76 4,926 94 0.0267 0.1355 0.00195 0.00191
T67 12,510 268 0.0178 0.0915 0.00208 0.00184
T68 12,250 260 0.0180 0.0830 0.00202 0.00184
T71 12,410 268 0.0179 0.0804 0,00199 0.00184
T79 3,013 38 0.0111 0.0817 0.00169 0.00147
T82 3,050 38 0.0112 0.0817 0.00171 0.00150
T84 3,073 39 0.0111 0.0830 0.00171 0.00150
T81 10,435 95 0.00974 0.0197 0.00100 0.00100
T83 10,233 93 0.00980 0.0197 0.00100 0.00100
T87 10,137 96 0.00974 0.0197 0.00100 0.00100
T77 4,910 45 0.0282 0.2145 0.00294 0.00284
T8 5,070 45 0.0275 0.2120 0.00292 0.00284
T88 5,265 44 0.00552 0.0105 0.000526] 0.000566
T80 5,220 45 0.00539 0.0118 | 0.000513 | 0.000513

Phenolic-Nylon Models P9B4 4,994 100 0.0272 0.1340 0.00200 0.00191
P9BS 4,780 99 0.0270 0.1340 0.00193 0.00191
P9B6 5,051 100 0.0275 0.1340 | 0.00194 | 0.00191
P2A6 11,610 262 0.01815 0.0813 | 0.00201 | 0.00184
P2A7 12,560 266 0.01802 0.0803 0.00200 0.00184
P3B6 11, 680 268 0.01802 0.0803 0.00201 0.00184
P10A4 10,219 93 0.00970 0.0201 0.000975| 0.000975
P10A3 9,875 95 0.00960 0.0198 0.000974 | 0.000986
P10AS 9,500 96 0.00960 0.0204 0.00100 0.00100
P7B6 5,020 129 0.0240 0.1138 0.00156 0.00117
P8AS 5,253 132 0.0244 0,1131 0.00154 0.00117
P8A6 5,033 132 0.0242 0.1139 0.00155 0.00117
PB8AT 4,988 132 0.0242 0.1139 0.00155 0.00117
POAS 5,180 132 0.0244 0.1151 | 0.00154 | 0.00117
P9A6 4,738 132 0.0244 0.1146 0.00154 0.00117
POAT 4,861 137 0.0246 0.1143 | 0.00155 | 0.00117
P9B1 4,980 129 0.0245 0.1150 | 0.00155 | 0.00117
P9B2 5,094 132 0.0245 0.1143 | 0.00155 | 0.00117
P9B7 5,170 47 0.0276 0.2120 0.00291 0.00283
P10A2 5,110 45 0,0276 0.2120 | 0.00292 | 0.00284
P10A6 5,200 45 0.00539 0.0118 0. 000525 | 0.000525
P9A2 4,780 45 0.00552 0.0132 0.000514 ] 0,000500
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Table B-11
TUNNEL. CALTBRATION AND TEST DATA REPORTED BY MARTIN COMPANY

Ref: Martin Company Report ER13598

GAS FLOW FRONT BACK MAXIMUM | RUN NOZZLE | CORE CHAR | RECESSION CHAR PYROLYSIS

RATE SURFACE SURFACE EQUILIBRIUM | TIME EXIT | WEIGHT| WEIGHT (in.) THICKNESS ZONE

W TEMPERATURE | TEMPERATURE | TEMPERATURE | ¢ DIAMETER| LOSS (g) (in.) (in.)
(b sec”)f Tpg € =1 RISE RISE AFTER | (sec) D (g)
°F) AT RUN G © )
ARC CUTOFF | COMPLETION in.
(°F) (°F)

0.00175 2,210 2 247 30 1.5 0.966 0.084
0.00175 2,230 2 140 30 1.5 0.941 0.082
0.00175 2,215 1 200 30 1.5 1.026 0.090
0.00100 2,260 - -- 30 1.5 1.460 0.132
0.00100 -- 9 256 30 1.5 1.453 0.126
0. 00100 2,650 2 272 30 1.5 1.461 0.134
0.00600 2,035 - -- 30 3.0 0.430 0.033
0.00600 2,035 - -- 30 3.0 0.408 0.032
0.00600 2,030 - -- 30 3.0 0.418 0.033
0.00150 2,550 2 245 30 3.0 0.838 0.070
0.00150 2,380 - -- 30 3.0 0.803 0.068
0.00150 2,435 2 300 30 3.0 0.817 0.068
0,00275 2,220 2 252 30 1.5 0.894 0.078
0.00275 2,545 4 206 30 1.5 2.106 0.176
0.001125 2,065 - -- 30 3.0 0.375 0.027
0.001125 2,060 - -- 30 3.0 0.388 0.032
0.00175 3,330 4 227 60 1.5 0.914 | 0.198 0.044 0.109 0.060
0.00175 3,170 4 271 60 1.5 0.868 0.195 0.047 0.101 0.062
0.00175 2,910 4 252 60 1.5 0.906 0.184 0.056 0.100 0.052
0.00100 3,420 3 252 24 1.5 0.503 0.131 0.018 0.077 0.033
0.00100 - - -- 24 1.5 0.500 0.131 0.018 0.072 0.040
0.00100 3,320 2 225 24 1.5 0.491 0.133 0.012 0.076 0.035
0.00150 3,240 4 250 60 3.0 0.763 | 0.180 0.029 0.103 0.068
0.00150 3,000 0 212 60 3.0 0.736 | 0.175 0.034 0.094 0.065
0.00150 2,975 2 230 60 3.0 0.739 | 0.165 0.032 0.093 0.055
0.00150 3,200 0 313 48 1.5 0.764 { 0.166 0.047 0.091 0.053
0. 00150 3,150 0 294 48 1.5 0.771 0.178 0.047 0.096 0.055
0. 00150 3,020 5 311 48 1.5 0.772 0.165 0.060 0.085 0.050
0.00150 2,970 2 260 30 1.5 0.551 0.119 0.034 0.062 0.035
0.00150 2,710 5 231 30 1.5 0.535 [ 0.133 0.027 0.070 0.040
0.00150 3,020 - -- 36 1.5 0.545 | 0.119 0.028 0.068 0.033
0.00150 2,830 8 275 15 1.5 0.319 | 0.076 0.012 0.043 0.024
0.00150 3,030 0 265 15 1.5 0.319 | 0.071 0.012 0.043 0.025
0.00150 2,835 0 255 15 1.5 0.304 | 0.081 0.009 0.044 0.030
0.00275 3,135 - .- 120 1.5 1.750 | 0,333 0.145 0.160 0.071
0.00292 3,440 22 280 120 1.5 1.764 | 0.325 0.153 0.154 0.060
0.00112 2,340 42 367 120 3.0 0.810 { 0.178 0.033 0.095 0.065
0.00112 2,370 - 360 120 3.0 0.837 | 0.165 0.037 0.091 0.070
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MODEL NO. TOTAL HEAT TRANSFER RATE | MODEL STAGNATION PLENUM NOZZLE TEST
ENTHALPY . PRESSURE PRESSURE EXIT CHAMBER
h Qew P p PRESSURE | PRESSURE
" (Bt ‘1 g72) t2 Y P P
- u sec e C
(Btu 1b ) (atm ) (atm) (atm) (atm)
CALORIMETER PITOT PROBE
Facility SRI Facility SRI
(1) (2) (4) (3)
Pre-Test and Post-Test| SS-15g 5,040 99 0.0271 0.1355 0.00195 0.00191
Tunnel Calibration SRI Cal. 4,783 97 123 0.0271 0.1361 0.00195 0.00191
Runs SRI Cal. 5,171 100 126 0.0275 0.1370 0.00194 0.00191
SRI Pitot 5,150 99 0.0276 0.0259 | 0.1370 0.00191 0.00188
SS-7 12,430 268 0.01780 0.0915 0.00208 0,.00184
SRI Cal. 12,108 268 221 0.01788 0.0867 0.00208 0.00184
SRI Cal. 11,630 260 210 0.01814 0.0803 0.00201 0.00184
SRI Pitot| 12,580 268 0.01789 0.01868[ 0.0855 0.00200 0.00184
SS-19¢ 2,988 38 0.0111 0.0804 0.00170 0.00149
SRI Cal. 3,050 38 36 0.0111 0.0817 0.00167 0.00147
SS-13g 10, 426 96 0.00974 0.0191 0.00100 0.00100
SRI Cal. 9,987 97 111 0.00968 0.0201 0.000987 | 0.000987
SRI Cal. 9,513 97 118 0.00974 0.0191 0. 000994 | 0.000994
SRI Cal. 5,122 128 117 0.0240 0.1131 0.00158 0.00117
SS-14g 4,857 44 0.0276 0.2100 0.00287 0.00283
SRI Cal. 5,269 45 82 0.0263 0.2100 0.00287 0.00283
SRI Cal. 5,244 48 93 0.0276 0.2120 0.00291 0.00283
SS-17¢ 5,244 45 0.00552 0.0118 0.000526] 0.000526
SRI Cal. 5,220 45 42 0.00539 0.0118 0.0005251 0.000513
SRI Cal. 5,020 44 41 0.00539 0.0118 0.000525 | 0.000525

(1) Enthalpy measured by energy balance method.

(2) Martin steady state calorimeter, l-in.

type calorimeter — calibrated with calorimeter described under (4) thus data is adjusted to 1.25 in flat face.

(3) Martin pitot probe, 0.625-in. diameter, water-cooled.

(4) Martin transient calorimeters, 0.25-in.-diameter copper slug 0.25-

diameters These calorimeters were used to calibrate the
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Martin steady state calor meter described under {2).

-diameter flat face, 0.375-in. diameter sensing area, copper surface, heat meter

in. long set in phenolic flat face model 1.25-in,




Table B-11 Concluded

GAS FLOW SRI BACK MAX IMUM RUN NOZZLE CORE CHAR | RECESSION CHAR PYROLYSIS
RATE CALIBRATED SURFACE EQUILIBRIUM | TIME EXIT WEIGHT | WEIGHT (ine) THICKNESS ZONE
L RUN NO. TEMPERATURE | TEMPERATURE | (v ) DTAMETER | LOSS (g) (in,) (in,)

(b sec™ ) RISE RISE AFTER | (sec) D (g}

AT ARC RUN G e)

CUTOFF COMPLETION 1ne

(°F) (°F)

0.00175 11C1 1.5
0.00175 11C2 1.5
0.00175 11C3 1.5
0.00175 11C4 1.5
0.00100 11C5 1.5
0.00100 11C6 1.5
0.00100 11C7 1.5
0.00100 11C8 1.5
0.0060 11C9 3.0
0. 0060 11C10 3.0
0.0015 11C11 3.0
0.0015 11C12 3.0
0.0015 11C13 3.0
0.0015 11C14 1.5
0.00275 11C15 1.5
0.00275 11C16 1.5
0.00275 1iC17 1.5
0.001125 11C18 3.0
0.001125 11C19 3.0
0.001125 11C20 3.0
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MODEL TOTAL ENTHALPY HEAT TRANSFER MODEL STAGNATION PLENUM NOZZLE
NO. ht RATE acw PRESSURE Pt PRESSURE EXIT
(Btu lb-l) (Btu :;ec-1 fe2) (atm) ptl PREgSURL
e
CALORIMETER PITOT PROBE (atm) (atm)
Facility SRI Facility SRY
(1) (2) (3) (4) (5) (6)
Teflon Models TS5 2,503 2,680 2,600 2,580 105 102.51 0.192 1.293 0.0138
T57 5,558 5,210 5,900 5,670 226 248 0.190 1.285 0.0132
T58 2,692 2,820 2,600 2,770 103 81 0.120 0.812 0.0076
T59 1,390 1,550 1,400 1,450 54 51 0.194 1.300 0.0133
T60 10,507 | 10,000 -- 10,450 434 -- 0.202 1.198 0.0092
Phenolic-Nylon P3A4 5,329 5,940 5,200 5,550 226 217 0.191 1.288 0.0099
Models P4A2 2 479 2,780 2,680 2,600 106 105.5% 0,193 1.307 0.0138
P4A3 5,400 5,980 5,800 5,615 227 243 0.190 1.285 0.0132
P4A4 5,534 5,900 5,300 5,700 228 223 0.190 1.287 0.0099
P4AS 5,784 5,900 5, 600 5,789 231 235 0.190 1.285 0.0099
P4A6 5,770 5,900 5,400 5,770 230 226 0.190 1.285 0.0099
P4AT 2,710 | 2,820 2,700 2,770 105 83.61 0.120 0.812 0.0074
P6B7 10,165 | 10,000 10,200 10,165 431 442 0.205 1.215 0.0092
P6B6 3,122 3,320 2,800 3,190 244 166 0.424 2.960 0.0210
(1) (8) (9)
Pre-Test Tunnel T55, P4A2 3,185 2,860 3,200 3,096 127.8 0.194 1.320 0.0099
hCAglill)r&tion For 'giza P4A3
de os.
P4AS, P4A%} 5,663 5,900 5, 400 5, 663 224 0.186 1.285 0.0097
P3A4
T58 P4A7 2,599 2,780 3,200 2,730 100 0.117 0.808 0.0066
T59 1,341 1,500 1,540 1,450 55.1 0.187 1.286 0.0121
T60 P6B7 10,465 {10,000 9,400 | 10,130 382 0.166 1.221 0.0089
PsB6 2,947 3,500 3,700 3,330 219 0,408 (10) 2.790 0.0195
10
Post-Test Tunnel] T55, P4A2 2,791 2,930 2,550 100 0.196 1.327 0.0105
Calibration FQr T57, P4A3 5,365 5,940 5,850 234 0.189 1.291 0.0094
Model Nos. P4A4, P4Ai} {5,513 5,960 6,100 263 0.192 1.286 0.0105
P4A6, P3A 5,410 5,960 5,200 220 0.191 1.285 0.0131
T58, P4A7 2,570 3,000 2,800 87.7 0.120 0.814 0.0079
T59 1,358 1,570 2,000 77 0.194 1,300 0.0142
Te0, P6BT7 9,761 | 10,000 8,000 365 0.206 1.215 0.0089
P6B6 3,095 3,300 3,100 185 0.424 2.960 0.0210
(1) Enthalpy by heat balance method.
(2) Enthalpy by sonic throat method. Equilibrium flow, P, 1 atm, (Re f: NASA TND 1333) A* = 3,1 X 10'3 f;z.
{(3) Enthalpy calculated from ACWS and Fay-Riddell equatign.
(4) Mean enthalpy from (1), (2) agé (3) above.
(5) Calculated from pre-test calibration data on NA calorimeter corrected to 1.25-in. flat face and for enthalpy and stagnatio
(6) Calculated stagnation pressures from pre-test and post-test calibration runs.
(7) Enthalpy calculated from acw ACand Fay-Riddell equation.
(8) North American calorimeter, 0.5-in.=diameter hemispherical shape, steady state

data reduced by NAA to 1.25-in.-diameter flat face as follows:

(9) North American pitot probe, 0.5 in. diameter, water-cooled.

(10) SRI uncooled pitot probe, 1.25-in. diameter.
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Table B-12
TUNNEL CALIBRATION AND TEST DATA REPORTED BY NORTH AMERICAN AVIATION, INCORPORATED

Ref: North American Report No. NA-64-733 Test PT 15
TEST GAS FLOW FRONT BACK MAXIMUM RUN CORE CORE RECESSION CHAR PYROLYSIS
CHAMBER RATE SURFACE SURFACE EQUILIBRIUM| TIME |WEIGHT CHAR (in.) THICKNESS ZONE
PRESSURE L] -1 TEMPERATURE| TEMPERATURE TEMPERATURE t LOSS WEIGHT (in. ) (in,)
Pc (1b sec™ %) TFS RISE AT RISE (sec) (g) (g)
(atm) € = 1 ARC CUTOFF AFTER RUN
(°F) (°F) COMPLETION
(°F)

0.0116 0.0485 2,400 16 130 29.6 | 1.840 0.158
0.0105 0.0366 2,700 14 164 30.0 | 3.075 0.266
0.0092 0.0299 2,300 8 112 30.0 [ 1.587 0.138
0.0153 0.0601 2,240 6 110 30.2 | 0.913 0,077
0.0088 0.0284 3,000 26 182 30.2 } 3.752 0.330
0.0104 0.0365 3,320 2 96 13.4 | 0.442 | 0.123 0.015 0.066 0.035
0.0132 0.0485 2,900 12 172 51.6 | 0.931 | 0.178 0,060 0.097 0.072
0. 0099 0,0365 3,410 22 132 29.0 | 0.831 { 0.229 0.045 0.108 0.070
0.0103 0.0387 3,500 9 146 19.5 ] 0.574 ] 0.173 0.017 0,092 0.035
0.0103 0.0366 3,350 - - 13.0 ( 0.450 | 0.124 0.015 0.066 0.042
0.0103 0.0366 3,500 4 152 29.2 | 0.856 | 0.237 0.057 0.102 0.060
0.0091 0.0299 2,920 38 202 80.2 | 1.232 | 0.184 0.101 0.105 0.055
0.0089 0.0287 3,700 5 114 17.2 | 0.691 | 0.255 0.037 0,102 0.045
0,0264 0.102 3,320 8 162 34,0 | 1.043 | 0.143 0.098 0.077 0.050

SRI Calib

un No.

0.0106 0.0483 12C1
0.0092 0.0366 12C2
0.0081 0.0297 12C3
0.0141 0.0601 12C4
0.0080 0.0284 12C5
0.0260 0.0952 12C6
0.0125 0.0482 12C7
0.0103 0.0365 12C8
0.0105 0.0365 12C9
0.0145 0.0365 12C10
0.0088 0.0293 12C11
0.0165 0.0597 12C12
0.0085 0.0281 12C13
0.0260 0.1035 12C14
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MODEL TOTAL HEAT MODEL PLENUM
NO. ENTHALPY TRANSFER RATE STAGNATION PRESSURE
(Bew 15~ 1) Sow L, PRESSURE P, P,
(Btu sec ft °) (atm) (atm)
SRI CALORIMETER | SRI PITOT PROBE
(1) (2)
Phenolic-Nylon Models P1Al 5,380 302 0.191 0.944
P2Al 5,300 216 0.189 0.935
P3A1 5,050 278 0.184 0.913
P4Al 5,300 257 0.189 0.935
P5Al 5,300 274 0.189 0.937
P6A1 5,150 260 0.186 0.922
P7Al 4,920 280 0.182 0.904
P8Al 5,200 280 0.187 0.927
P9Al 5,100 265 0.185 0.918
P10Al 5,050 210 0.184 0.909
P11A1 5,300 290 0.189 0.937
(1) FEnthalpy calculated by pressure rise sonic flow method. Refi TND 2132

(2)

probe for similar conditions.
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Obtained from ratiec of stagnation pre

ssure to total pressure measured with SRI pitot



o

TUNNEL CONDITIONS FOR PHENOLIC NYLON

Table B-13

Reported by Ames Research Center—NASA

QUALITY CONTROL TESTS

GAS FRONT MAXIMUM ‘RUN CORE CORE RECESSION CHAR PYROLYSIS
FLOW RATE SURFACE | EQUILIBRIUM | TIME | WEIGHT | CHAR (f¢) THICKNESS|  ZONE
W TEMPERATURE| TEMPERATURE | (sec)| LOSS |WEIGHT x 103 (ft) (ft)
(1b sec™ ) . ;ffas AP BN X(ig x(igk x 103 x 102

(OF; COMPLETION
CF)

0.0249 4,240 208 39.8(2,4107 | 6.847 7.3 9..67 1.40
0.0254 3,990 153 39.1[2.4198 | 6.357 7.9 9.50 1.32
0.0252 4,190 188 39.4 | 2.3668 | 6,723 7.8 9.75 1.35
0.0252 4,140 187 40.8 ] 2.3860 | 6.388 7.5 9.42 1.35
0.0249 4,215 189 39.512.4770 | 6.789 8.2 9.75 1.41
0.0253 4,140 190 39.8(2.4822 | 6.463 7.9 9.75 1.40
0.0253 4,190 192 39.912.3953 | 6.635 7.3 9.80 1.48
0.0252 4,240 187 39.212.3022 | 6.789 7.4 9,67 1.41
0.0252 4,160 192 39.5]2.4500 | 7.005 7.6 10.0 1.45
0.0253 3,940 181 43.1(2.4546 | 6.776 8.0 10.1 1.43
0.0251 4,240 190 39.7(2.4261 | 6.842 6.3 10.3 1.49
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SUMMARY OF CORRELATION DATA
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APPENDIX C

SUMMARY OF CORRELATION' DATA

This appendix tabulates information derived from the measurements
listed in Appendix B. It is therefore the source of the information
interpreted and correlated in the report. The order in which the faci-

lities are listed is the same as for Appendixes A and B, namely

C- 1 Gas Dynamics—Ames Research Center-—NASA

C- 2 Entry Structures Branch—Langley Research
Center——NASA

C- 3 Applied Materials and Physics Division—
Langley Research Center—NASA

C- 4 Manned Spacecraft Center—NASA

C- 5 Flight Mechanics Division—Wright-Patterson
Air Force Base

C- 6 AVCO Corporation

C- 7 Boeing Company

C- 8 General Dynamics

C- 9 General Electric Corporation, Space Technology

Center

C-10 Giannini Scientific Corporation
C-11 Martin Company

C-12 North American Aviation Incorporated
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FACILITY MODEL- NO. ENTHALPY POTENTIALS HEAT TRANSFER RATE
(Bru 1b° 1) (Bru sec” ! tc72) i
Ah'"eas Ahcalc Ahsonic Ahcalc Ahcalc AFAC ISRT 4SR. 1
CW SRI Cw SRI FAC Cw CW HW
Hw w CW ‘
(4) (s) (6) (7) (8) (9)_1
L ‘
Ames Research Center—NASA | TY6 5,350 6, 865 5,649 7,278 212.0 1 201
T97 6,250 5,215 6, 599 5,453 162.0 | 151
T98 1,250 1,815 1,323 2,053 58.01 48
Table C-1 T99 3,250 4,225 3,222 4, 484 132.0 | 121
TLO0 4,750 7,950 5,553 8,226 347.0 | 330
T103 2,950 3,590 2,896 3,822 110.0 10()‘
P7A2 5,250 5,673 7,304 212
P7A3 6,150 6,828 5,620 163 |
P7A4 (1) 5,050 5,247 6,304 256
PTAS (2) 4,850 5,903 236
P7AG (3) 4,750 5,915 235
PTA7 5,700 7,790 6,278 251
P7BL (1) 5,050 6, 664 6, 467 261
P7B2 4, 500 5,305 6,777 281
Entry Structure Branch— T26 1,760 2,085 1,950 2,385 1,944 209 245 204
langley Research Center— | T27 2,805 3,425 2,850 3,764 3,176 360 410 368
NASA T28 1,215 1,225 1,300 1,508 1,407 136 | 145 108
T29 1,230 1,225 1, 300 1,508 1, 407 136 | 145 108
Table C-2 P6A2 1,250 1,300 1,508 1,547 136 145
PoAT 3,045 2,850 30764 3615 360 | 410
6Bl 1,950 1,950 2,385 2,225 209 1 245
Applied Materials and Tl 3,536 2,851 3,500 3,086 68 63
Phiysies Division— Ta 1,906 1,294 2,400 1,534 51 43
tangley Research Center— | T5 2,066 1,551 2,400 1,771 37 32
NASA T6 5, 665 -- 5, 000 -- 93 --
T7 3,000 2,194 3,450 2,434 88 79
Table C-3 T8 3,037 2,831 3,150 3,050 65 62
able L= TI1 8,350 6,419 5,150 6, 629 94 91
T6l 4,630 3,486 6,450 3,721 98 92
P2A4 2,068 2,331 1,777 37
P2A5 (2) 4,860 4,906 1,795 97
P483 4,232 5,963 4,290 113
P5B1 7,520 7,179 5,166 77
P5B3 (1) 5,880 5,150 93
P5B4 (3) 4,750 4,750 102
P5B5 3,328 3,510 3,003 67
P5B6 3,436 3,367 2,838 63
P5B7 2,835 3,250 2,555 9]
3C1 5,280 4,750 106
302 3,580 3,150 3,136 67
3C3 2,150 2,550 1,708 36
3Ca 1,885 2,500 1,534 !
3C5 2,570 2,350 2,323 44
3C6 4,875 5,150 4,142 91
ko 6,990 6,450 5, 680 86
Manned Spacecraft Center, Ta7 4,850 300
Hous ton—NASA T48 8, 650 525
¥51 12,300 807
’ . (- 53 5,350 136
Fable €-4 54 7,350 528
PaB2 7,551 540
P4B4 5,887 178
P4B5 7,377 534
P4B6 4,914 316
P4B7 51274 113
P8B2 5,650 295
P8B4 4,360 115
P8BS 5, 650 295
P8B6 50726 300
P9A3 11,918 746
P9A4 5,131 350




APPENDIX C
SUMMARY OF CORRELATION DATA

(Based on Tunnel Calibration and Test Data

Reported By All Participating Facilities)

MODEIL

NOZ7LE

SHOCK PRESSURE

Ten CHAR MASS LOSS RATES FRONT
STAGNATION | EXPANSTON RATIO v DENSITY (1b 1,72 SURFACE
PRESSURE RATIO PP —/2 . sec TEMP
P A/A* ty/ ey " : Tes
to t (b 73 S
Cotn) (Bea 15 - . . - - € = 0,85
tu e "CR my "cp mp (°R}
Predicted| Measured
0.0844 13.0 0.127 0.2019 2,865 0.0705
0.0878 13.0 0.127 0.2018 2,605 0.0580
0.0794 13.0 0,127 0.2020 1,395 0.0344
0.0862 13.0 0.127 0.2019 1,785 0.0678
0.177 13.0 0.127 0.1292 3,620 0,0912
0.0824 13.0 0.127 0.2020 1,680 0.0595
0.0838 13.0 0.127 0.2019 27.9 0.0208 0.00316} 0.0180 0.00536] 0.0234 | 4,100
0.0834 13.0 0.127 0.2019 20.9 0.0192 | 0.00145( 0.0171 | 0.00605| 0.0232 | 3,850
0. 164 13.0 0.127 0.2025 31.3 0.0281 0.0045 0.0250 | 0.00705| 0.0321 4,300
0,159 13.0 0.127 0.2015 26.1 0.0328 0.00306 | 0.0302 0.0105 0. 0407 4,230
0,157 13.0 0.127 0.2023 24.3 0.0346 | 0.00313| 0.0322 0.0104 ! 0.0426 4,050
0.159 13.0 0.127 0.2015 25.0 0.0257 0.00258{ 0.0232 | 0.00795 0.0312 4,000
0.162 13.0 0.127 0.2017 29.0 0.0275 | 0.00362 1 0.0246 | 0.00780 | 0,0324 | 4,290
0.171 13.0 0.127 0.1276 29.0 0.0308 | 0.0047 | 0.0279 | 0.00770 [ 0.0356 | 4,200
1.05 3.7 0.40 0.3201 1,370 0.149
1.18 3.7 0.40 0.3198 1,685 0.218
0.92 3.7 0.40 0.3206 1,175 0.092
0.92 3.7 0.40 0.3206 1,115 0.097
0.92 3.7 0.40 0.3206 20.0 0.0332 0.0074 0.0258 | 0.0023 0.0281
1.18 3.7 0.40 0.3198 24.0 0.0535 | 0.0097 | 0.0438 | 0.0072 | 0.0510
1.05 3.7 0. 40 0.3201 23.0 0.0429 0.0098 0.0331 0.0026 0.0357
0.0483 150.0 0.013 0.0126 1,940 0.0325
0,110 150.0 0.013 0.0118 1,590 0.0270
0.0131 150.0 0.013 0.0117 1, 840 0.0174
-- 150.0 0.013 -- - 0.0396
0.130 150.0 0.013 -- 1,560 0.0505
0. 0454 150.0 0.013 0.0125 1,980 0.0314
0.020 150.0 0.013 0.0132 3,180 0.0286
0.069 150.0 0.013 0.0118 2,370 0.0388
0.0431 150.0 0.013 0.0117 21.4 0.00736 { 0.0006 | 0.00679]| 0.0015 | 0.0083
-- 150,0 0.013 -- 22.4 0.0151 0.0007 0.0144 | 0.0041 0.0185
0.069 150.0 0.013 0.0118 22.4 0.0128 0.0009 0.0119 | 0.0034 | 0,0153
0.0221 150.0 0.013 0.0126 22.4 0.0200 | 0.0014 {0.0186 | 0.0048 | 0.0234
-- 150.0 0.013 -- 23.4 0.0136 0.0008 0.0128 | 0.0034 0.0162
-- 150.0 0.013 -- 24.0 0.0182 | 0.0010 | 0.0172 | 0.0048 | 0.0220
0.0495 150.0 0.013 0.0126 22.7 0.0t05 | 0.0010 | 0.0095 | 0.0023 | 0.0118
0. 0490 150.0 0.013 0.0126 21.9 0.0102 | 0.0008 | 0.0094 | 0.0022 | 0.0116
0.126 150.0 0.013 -- 23.5 0.0145 | 0.0013 | 0.0132 | 0.0033 | 0.0165
-- 150.0 0.013 --
0,045 150.0 0.013 0.0126
0.0442 150.0 0.013 0.0118
0.110 150.0 0.013 0.0118
0.130 150.0 0.013 --
0.0480 150.0 0.013 0.0117
0.0228 150.0 0.013 0.0131
1.0 0,066
1.0 0.116
1.0 0,145
1.0 0.105
1.0 0.117
1.0 32.8 0.0505 0.0057 0.0448 | 0.021 0.0658 4,890
1.0 35.3 0.0406 | 0.0073 | 0.0333 | 0.0138 | 0.0471 | 5,470
1.0 31.2 0.0435 0.0079 0.0356 | 0.0165 0.0521 4,802
1.0 31.6 0.0338 0.00355] 0.0302 | 0.0150 0.0452 4,482
1.0 27.0 0.0480 0.00226 | 0.0457 0.021 0.0667 --
1.0 36.2 0.0380 0.00455] 0.0334 | 0.0124 | 0.0458 4,678
1.0 29.6 0.0185 | 0.00032| 0.0188 | 0.0088 0.0276 4,012
1.0 33.5 0.0348 0.0033 0.0315 | 0.0156 | 0.0471 4,280
1.0 20.6 0,127 0.0180 0.]111 0.0423 0.153 --
1.0 40.0 0.0547 0.0095 0.0452 | 0.0188 0.0640 5,485
1.0 25.8 0.042 0.00153 | 0.0405 | 0.0190 0.0595 --
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FACILITY MODEL NO. ENTHALPY POTENTIALS HEAT THANSFER RATE MODEL
. R STAGNATION
(Beu 1b ) (Btu sec fo2) PRESSURE
P
2
. . . (atm)
meas Shoale sonic Ah::alt: cale 9FAC qIsRI 4SRI
CcW SRI Cw SRI FAC cw cw aw
HW Cw Cw
(4) (5) (6) (1) (8) (9)
Manned Spacecraft Center, 1 13,123 783 1.0
Hous ton—NASA 2 4,116 300 1.0
(Con tinued) 3 4,851 280 1.0
4 8,128 529 1.0
5 12,996 657 1.0
6 5,714 320 1.0
7 7,269 506 1.0
8 12,893 793 1.0
4C1 4, 680 315 1.0
4C2 6,418 470 1.0
4C3 11,488 652 1.0
4C4 5,073 330 331 1.0
4C5 7,355 497 381 1.0
4C6 13,150 718 698 1.0
4C7 5,336 337 275 1.0
4C8 5,610 (280) | 283 1.0
4C9 5,230 (323) | 296 1.0
4C10 5,290 (307) | 181 1.0
4C11 4,875 137 134 1.0
4Cl12 6,375 345 325 1.0
4C13 11,531 550 504 1.0
Flight Mechanics Division, | T33 1,597 1,792 2,050 2,051 64.7 | 57.3] 0.0996
Wright-Patterson Air Force | T34 2,350 2,108 3,350 2,274 88 82.5] 0.149
Base T35 1,821 1,650 2,150 1,906 59.2 51.9] 0.0962
T36 3,131 4,742 3,750 5,016 190.2 { 181.0; 0.143
Table C-5 T37 3,416 3,650 3,684 144 134.0[ 0.152
P1A2 4,844 -- -- 651.4 0.234
Pl1A4 (2) 2,758 3,450 3,717 143.4 0.148
P1A6 (1) 2,828 3,891 152.6 0.153
P1A7 2,795 3,210 126.3 0.155
P1A8 2,654 3,238 126.3 0.151
P6B4 1,677 2,350 2,418 76.3 0.0999
P1A5 -- 4,346 269.3 0.406
5C1 1,610 2,550 98.5| 86.5 0.145
5C2 2,800 3,550 164.0| 150.0 0.152
5C3 2,730 4,150 3,811 4,828 189.0] 149.0 0.152
5C4 2,670 4,150 202.5| 136.5 0.150
5C5 1,610 -- -- 0.137
5C6 4,412 -- 660.8 0.183
5C7 4,750 598.4 | 488.0 0.183
5C8 -- 249.3| 242.2 0.391
AVCO Corporation T18 4,450 -- -- 4,668 6,550 104 74 68 0. 0250
T14 4,850 4,945 9,039 5,121 7,608 122 82 76 0.0255
Table C T17 14,350 16,390 9,039 16,858 | 27,101 322 200 195 0. 0140
able C-6 Ti6 9,650 10,160 9,033 10,342 | 16,425 202 127 122 0.0150
T15 10,250 9,520 10,259 9,789 | 11,729 102 85 82 0.0075
T13 5,050 5,510 5,048 5,758 5,060 44 50 47 0. 0075
P2B1 (1) 4,550 9,050 5,564 8,068 116 80 0.025
P2B3 (2) 4,950 8, 690 5,843 7,790 112 84 0.025
P2B4 (3) 4,950 8, 690 5,843 7,790 117 84 0.0255
P2B2 14,350 9,050 18,122 | 26,680 317 215 0.014
P2B5 9,950 9,759 9,673 | 11,499 100 84 0.0075
P2B6 14,850 9,350 15,345 | 19,000 155 125 0.0066
P2B7 , 715 5,150 5,873 5,405 47 51 0.0075
Boeing Company T40 6,210 17,885 18,087 | 19,571 | 291 | 269 |256 | 0.022
T41 4,700 17,490 17, 692 -- 238 220 0.018
Table C-7 T45 14,330 31,880 32,174 | 31,204 551 568 555 0.031
T46 10,080 28,680 28,945 | 28,922 511 511 495 0.031
P1BS 3,850 23,001 -- 441 0.041
PIB3 (1) 4,680 20,032 -- 246 0.015
P1B6 (2) 4,660 17,975 -- 235 0.017
P1B1 14,380 592 570 .-
P1B2 4,440 29,007 | 33,803 719 617 0.045
P1B4 10,200 31,911 | 35,507 656 590 0.034
P1B7 4,900 29,799 32,256 605 559 0.035
P3B4 6,240 17,755 § 19,689 299 270 0.023
P3B5 14,030 35,239 | 34,000 591 612 0.030
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APPENDIX C Continued

NOZZLE SHOCK PRESSURE . CHAR MASS LOSS RATES FRONT
EXPANS [ON RATIO Hw DENSITY (1b sec! fe-2) SURFACE
RATIO P, /Pt LA LCR sec TEMP
‘A/A* 27 71 " (s £ Trs

vt . . . - . € = 0.85
(Btu lb 1) L neR my mep mp (°R)
Predicted Measured
0.129
0.0992
0.0821
0.117
0,127
0.0845
0.113
0.146
640 0.003 0.0008 1,940 0.0296
640 0.003 0.0042 1,740 0.0474
640 0.003 0.0042 1, 600 0.0325
640 0.003 0.0040 2,300 0.0786
3,310 0. 0006 0. 0043 2,040 0.0655
640 0.003 0.0139 .
640 0,003 0.0044 22.7 0.0212 0.0016 |0.0196 | 0.0056| 0.0252
640 0.003 0.0042 25.8 0.0191 0.0019 0.0173 0.0048 | 0.0221 --
640 0,003 0.0043 24.4 0.0214 0.0016 0.0198 | 0.0056 | 0.0254 -~
640 0.003 0.0043 23.8 0.0232 0.0016 0.0216 | 0.0059 | 0.0275 --
3,310 0.0006 0.0008 21.4 0.0133 0.0013 0.0120 | 0.0029 0.0149 --
640 0.003 0.0043 21.8 0.0320 0.0027 0.0347 | 0.0085 0.0432 --
0.0043
9.0 0.17 0.207 0.0782
9.0 0,17 0.186 1,925 0. 0397
9.0 0.17 0.201 4,370 0.0446
9.0 0.17 0.178 3,360 0.0364
9.0 0.17 0.198 3,475 0.0236
9.0 0.17 0.176 3,200 0.0147
9.0 0,17 0.183 20,6 0.0156 0.00174 | 1.39 0. 0031 0.0170 3,870
9.0 0.17 0.185 21.0 0.0152 0.00127 | 1.39 0.0033 0.0172 3,780
9.0 0.17 0,183 20,0 0.0167 0.0044 1.23 0.0044 0.0167 3,430
9.0 0.17 0.201 21.7 0.0222 0.00088 | 2.13 0. 0059 0.0273 3,520
9.0 0.17 0.202 19.7 0. 00966 0.00030 | 0.936 | 0.0025 0.0118 3,140
3.0 0.17 0.194 20,3 0.0139 0.00079 | 1.31 0.0031 0.0162 3,200
9.0 0.17 0.175 20.8 0. 00749 0.00045 | 0.705 | 0.0015 0.00858 | 2,980
18.4 0.09 5,225 0.0503
18.4 0.09 4,240 0.0550
18.4 0.09 7,410 0.0760
18.4 0.09 7,020 0.0720
18. 4 0.09 28,2 0.0354 0.0020 0.0334 | 0.0105 0.0439
18.4 0.09 24,6 0.0243 0.0010 [ 0.0233{ 0.0080 0.0313
18.4 0.09 24.8 0.0270 0.00093 { 0.0261 | 0.0086 0.0347
18.4 0.09 20.8 0.0380 0.0020 | 0.0360 { 0.0120 0.0480
18.4 0.09 28.9 0.0445 0.0018 | 0.0427| 0.0140 0.0567
18.4 0.09 25.3 0.0362 0.0012 0.0350 | 0.0132 0.0482
18.4 0.09 25.2 0.0356 0.0017 0.0339] 0.0123 0.0462
18.4 0.09 22.0 0.0248 0,00105 ] 0.0237 | 0.0078 0.0315
18.4 0.09 " 19.5 0.0314 0.00077 | 0.0306 | 0.0108 0.0414
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FACILITY MODEL NO. ENTHALPY POTENTIALS HEAT TRANSFER RATE MODEL
(Bew 17 1) (Beu sec™! re72)  [STAGNATION
P
1 t2
R
A‘hmeas Ahcalc sonic calc Aht:alc aFaC 9SRI 4sRI
Cw SRI €W SRI FAC CW CW HW
HW Cw Cw
(4) (5) (6) (7) (8) (9)
General Dynamics T49 4,750 8,850 6,047 398 0.421
T50 o] -- ] 0490
C-8 TS52 5,350 1,560 >20,000 1,770 1,864 36 34 30 0.037
Table C- T56 2,650 3,350 4,850 3,620 -434 |401 ! 1.43
T86 3,550 5,770 5,850 6,000 7,120 535 | 451 434 0.56
Ta4 15,000 245 0.72
P6AS (3) 4,750 8,350 6,150 387 0.394
P6A6 2,650 20,000 2,912 381 1.63
PeB2 (1) 4,750 5,947 372 0.388
P8B1 3,550 5,080 5,671 6,151 461 | 425 0.557
P8B3 4,750 5,920 376 0.400
PIB3 (2) 5,350 >20,000 2,071 1,708 33 40 0.037
P34 16, 850 3,420 318 0.84
8Cl 4,750 8,250 6,100 394 | 397 0.422
8C2 4,750 9,050 6,100 384 | 370 0,367
8C3 3,550 5,350 5,860 550 | 519 0.77
8C4 3,150 4,850 2,480 317 1.63
General Flectric Space T62 13,400 12,470 10,703 12,715 320 312 0.0630
Technology Center T63 3,060 11,075 ,963 11,147 215 208 0.0370
T64 3,030 2,963 11,147 215 0.0370
Table C-9 T6S 12,970 7,350 10,526 7,576 69 67 0.00825
- T66 7,850 10,275 5,188 10,527 214 204 0.0411
T70 5,510 6,940 4,393 7,181 131 122 0.0331
T75 5,250 5,035 4,505 5,254 44.7 41,7 0.0072
PSA2 (2) 5, 540 10,351 7,181 131 0.0331
P5A3 13,290 4,393 12,715 320 0.0630
P5AS (1) 5,510 10,351 7,181 131 0.0331
P5A6 7,970 , 30 10,527 214 0.0411
PSAT (3) 5,550 10,351 7,181 131 0.0331
P8A2 (3) 5, 620 10,351 7,181 131 0.0331
P8A3 5, 450 4,970 5,254 44,7 0.0072
P8A4 12,970 10,526 7,576 69.0 0.00825
9Cl1 12,930
9C2 13,020
9C3 12,750
9C4 13,020
9C5 8, 140
9C6 8,200
9C7 8, 450
9C8 5,510
9C9 5, 430
9C10 5,330
9C11 5,570
9C12 3,100
9C13 3,100
9Cl14 12, 850 330
9C15 12,850 324
9Cl6 8,330 212
9C17 8,350 215
9C18 4, 850 133
9C19 4,850 129
9C20 2,850 217
9C21 2,850 214
9C22 12,850 75.3
9C23 12°850 64.0
924 12,850 67.2
%25 4,850 44.5
9C26 4,850 44.9
9C27 5,500 0,0331
9C28 12,980 0.0630
929 8,550 0.0411
9C30 2,960 0.0370
9C31 12,930 0.00825
9C32 5,440 0.00720
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APPENDIX C Continued

NOZZLE SHOCK PRESSURE a CHAR MASS LOSS RATES FRONT
EXPANSION RATIO SSI DENSITY (b Sl g2 SURFACE
RATIO SN Och see TEMP
AJA* 27 . -3 Tps-
t . (Ib ft ) € = 0.85
(Bru 1b 1) . . . . . (°R)
} Predicted Measured LS "CR my mcp mp
7.2 0.20 0.130 0.157
. 7.2 0.20 0.208 (10)
; 7.2 0.20 0.0685 1,160 . 0259
7.2 0.20 1,110 0.362 (10)
7.2 0.20 2,220 0.196 (10)
! 7.2 0.20 0.0604
} 7.2 0.20 0.123 21.0 0.0559 0.008 0.0551 0,020 0.0751
i 7.2 0.20 0.109 29.6 0.200 0.0480 | 0.152 0.0044 0.157
7.2 0.20 0.119 32.2 0.0364 0.0039 | 0.0325 0.0120 0, 0445
7.2 0.20 0.0828 28.0 0.0440 0.0014 | 0.0426 | 0.0151 0,0577
7.2 0.20 0.123 30.0 0.0374 0.0024 | 0.0350 | 0.0127 0.0477
7.2 0.20 0.0685 22.0 0.00965 0.0007 | 0.0090 | 0.0024 0.0114
7.2 0.20 0.118 25.0 0.0259 0.0013 0.0246 | 0,0106 0.0352
7.2 0.20 0.133
7.2 0.20 0.112
7.2 0.20 0.114
7.2 0.20 0,109
.0 0.03 0.0391 3,160 0.0953
.0 0.03 0.0316 3,400 0.06l11
.0 0.03 0.0325 -- 0.0546
0.002 0.0052 2,900 0.0228
.0 0.03 0.0334 3,280 0.0629
58.0 0.03 0.0306 2,230 0.0556
1, 020 0. 002 0.0066 2,790 0.0150
23.4 0.0218 0.0021 0.0197 0.00495 0.0247 2,790
58.0 0.03 0.0396 31.0 0.0348 0.00405 | 0.0308 | 0.00925 0.0401 3,210
58.0 0.03 0.0306 22.6 0.0179 0.0019 {0.0160 | 0.00372 0.0197 | 2,830
58.0 0.03 0.0331 23.2 0. 0239 0.00236 | 0.0215 | 0.00603 0.0273 | 2,970
56.0 0.03 23.2 0.0242 0,0017 10.0225 ( 0.00580 | 0.0283 -~
58.0 0.03 17.0 0.0236 0.0018 10.0218 | 0.00730 0.0291 2,770
1,020 0,002 0.0064 21.0 0.0071 0.00062 | 0.0065 | 0.00145 0.00795] 2,490
1,020 0:002 0. 0052 21.0 0.0113 0.00129 | 0.0100 | 0.00223 0.0122 | 2,400
58.0 0.03
i 58.0 0,03
58.0 0.03
58.0 .03
58.0 0,03
58.0 0.03
| 58.0 0.03
| 58.0 0.03
' 58.0 0,03
58.0 0.03
58.0 0,03
58.0 0.03
58.0 0.03
58.0 0.03
58.0 0.03
58.0 0.03
58.0 0.03
538.0 0.03
58.0 0.03
58.0 0.03
58.0 0.03
58.0 0.03
1,020 0,002
1,020 0.002
1,020 0.002
1,020 0.002
58.0 0.03
58.0 0.03
58.0 0.03
58.0 0.03
1,020 0.002
1,020 0.002
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FACILITY MODEL NO. ENTHALPY POTENTIALS HEAT TRANSFER RATE MODEL
(Bew 167 1) (Buu sec™! £172) | SpAGRATRON
Pt2 |
. . . . l
Ahmeas Al"calc Ahsonic Ahcalc Ah«:alx: IFaC dsRI dSRI
Ccw SRI Cw SR1 FAC Cw CcW HW
HW CW CW
(4) (S} (6) (7) (8) (11)
Giannini Scientific T20 4,955 5,620 4,550 4,924 | 107 (128) 0.047
Corporation 123 14,960 | 13,220 | >9,850 15.166 | 334 | (296) 0.048
T24 9,875 6,760 9,950 97569 | 219 | (160) 0.052
T21 2,875 3,200 2,650 3,025 | 72.5| (82) 0.057
Table C-10 T22 4,815 3,555 4,650 4,073 | 59.4| (55) 0.021 1
P3A2 4,850 4,520 4,993 | 107.1 0.046 {
P3A3 4,705 4,466 4,964 | 106.9 0.046 !
P3B3 14,900 >9, 850 15,111 | 332 0.048
P3B1 9,885 8,675 8,106 | 118 0.021
P3A5(1) 4,828 4,726 4.887 | 137 0.078
P3A6(2) 4,860 4,789 4,130 | 138 0.077
P3A7(3) 4,825 4,726 4,887 | 137 0.078
P3B2 4, 860 4, 650 4,073 | 58.6 0.020
10C1 4,770 4,590 5,905 4,977 | 106.9| 127.7 0.046
1002 4,805 0.043
10C3 4,855 5,783 4,911 | 107.1] 125.7 0.047
10C4 14,805 14,350 | 13,354 | 14,956 | 332.7 | 296.4 0.049
10CS 15,725 15,123 | 332.7 0.048
10C6 9,835 9,200 7,097 9 662 | 218.4| 160.7 0.051
10C7 2,835 2,750 3,387 2'974 | "71.9 81.8 0.058
10C8 4,855 4,860 5,193 4,919 | 136.6 | 144.5 0.077
10C9 4,875 3,886 4130 | 58.9| s55.1 0.020
10C10 4,850 4176 | 58.9 0.020
10C11 9,824 8,610 9,215 8,106 | 117.8 | 133.9 0.021
10C12 9’904 8,066 | 117.8 0.021
T —
Martin Company T72 4,936 5,020 7,179 5,747 | 95 | (119) 0.0271
74 51070 5686 | 94 0.0271
Table C-11 T76 4,716 5729 | 94 0.0267
T67 12,360 8,200 | 16,496 | 20,004 | 268 ) (221) 0.0178
T68 12,100 19,299 | 260 0.0180
T71 12,160 19,948 | 268 0.0179
T79 2,863 2,000 3,403 3,592 | 38 (36) 0.0111
T82 2,900 3,576 | 38 0.0112
T84 2,923 3,686 | 39 0.0111
Tsl 10,285 1,800 | 11,201 9,586 | 95 | (11D 0.00974
T83 10,083 9.356 | 93 0.00980
T87 9,987 9,687 | 96 0.00974
77 4,760 5,150 4,981 2,669 | 45 (84) 0.0282
178 4,920 2,702 | 45 0.0275
T88 5,115 800 5,496 5,808 | 44 (41) 0.00552
T80 5,070 6,104 | 45 0.00,40
()
P9B4 4,844 4,868 6,038 | 100 | (126) 0.0272
P9BS 4,630 6,000 | 99 0.0270
P9Bg 4,901 6,005 { 100 0.0275
P2A6 11, 460 5,728 19,394 | 262 | (214) 0.0182
P2A7 12,410 19,733 | 266 0.0180
P3B6 11,530 19,882 | 268 0.0180
P10A4 10,069 1,900 9,505 | 93 | (11D) 0.0097
P10A3 . 97656 | 95 0.0096
P10AS 9,350 9.757 | 96 0.0096
PTB6(1) 4,870 4,750 8,357 | 129 | (118) 0.0240
P8A5(1) 5,103 8,415 | 132 0.0244
P8A6(1) 4,883 8,450 | 132 0.0242
PBAT(2) 4,838 4,800 132 | a2y 0.0242
P9A5(2) 5030 132 0.0244
P9A6(2) 4,588 132 0.0244
P9A7(3) 4,711 137 |21 0.0246
P9B1(3) 4,830 129 0.0245
P9R2(3) 4,944 132 0.0245
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APPENDIX C Continued

NOZZLE SHOCK PRESSURE 45R1 CHAR MASS LOSS RATES FRONT
EXPANSION RATIO HW DENSITY (1b -1 ft,_z) SURFACE
RATIO P /P UL b fr73) sec TEMP
“a/ax 27 . ( fou Tes
A m
- CR e = 0,85
. . . . . o
Predicted] Measured (Btu Ib ) m meR my mep mp (°R)
9.0 0.17 0.204 0.0440
9.0 0.17 0.154 0.0586
9.0 0.17 0.186 0.0483
3.0 0,17 0.211 0.0430
9.0 0.17 0.256 0.0215
9.0 0.17 0.200 22.4 0.0187 0.00104 -~ -- .- 3,510
9.0 0.17 0,201 21.4 0.0158 0.00079 | 0.015 0.0038 |0.0188 3,870
9.0 0.17 0.154 24.0 0.0275 0.00105( 0.0265 [0.0077 |[0.0352 4,180
9.0 0.17 0.263 21.7 0.0152 0.00099 | 0.0151 |0.0036 |0.0187 3,870
9.0 0.17 0.216 26.0 0.0185 0.00127 { 0.01730 {0.0044 |[0.0229 4,040
9.0 0.17 22,5 0.0197 -- .- -- -- 3,820
9.0 0.17 22.0 0.0233 -- -- - -- 3,390
9.0 0.17 0.241 19.4 0.0103 0.00064 | 0.00966 10,0020 |0.0123 3,205
9.0 0.17 0.201
9.0 0.17
9.0 0.17 0.204
9.0 0.17 0.158
9.0 0.17 0.154
9.0 0.17 0.184
9.0 0.17 0.216
9.0 0.17 0.213
9.0 0.17 0.241
9.0 0.17 0.235
9,0 0.17 0.266
9.0 0.17 0.266
9.0 0.17 0.201 0,0333
9.0 0.17 0.201 0.0325
9.0 0.17 0.197 0.0354
9.0 0.17 0.195 0.0504
9.0 0.17 0.217 0.0501
9.0 0.17 0.223 0.0504
9.0 0.17 0.136 0.0148
9.0 0.17 0.137 0.0141
9.0 0.17 0.134 0.0144
9.0 0.17 0.494 0.0288
9.0 0.17 0.498 0.0277
9.0 0.17 0.494 0.0282
9.0 0.17 0.132 0.0308
9.0 0.17 0.130 0.0726
9.0 0.17 0.526 0.0129
9.0 0.17 0. 457 0.0134
9.0 0.17 0.203 22.5 0.0157 0.0014 0.0143 | 0.0034 | 0.0177 3,790
9.0 0.17 0.202 23.9 0.0150 0.0015 0.0135 | 0.0031 0.0166 3,630
9.0 0.17 0.205 22,8 0.0156 0.0018 0.0138 | 0.0031 0.0169 3,370
9.0 0.17 0.223 21.1 0.0217 0.0014 0.0203 | 0.0060 0.0263 3,880
9.0 0.17 0.224 22.6 0,0216 0.0014 0.0202 { 0.0056 | 0.0258 --
9.0 0.17 0.224 21.8 0.0212 0.0009 0.0203 | 0.0059 0.0262 3,780
9.0 0.17 0.483 21.7 0.0132 0.0009 0.0123 | 0.0032 | 0.0155 3,700
9.0 0.17 0.485 23.1 0.0127 0. 0010 0.0117 | 0.0029 | 0.0146 3,460
9.0 0.17 0.471 22.0 0.0128 0.0010 0.0118 | 0.0029 0.0147 3,435
9.0 0.17 0.211 22.6 0.0165 0.0018 0.0147 | 0.0035 | 0.0182 3,660
9.0 0.17 0.216 23.0 0.0167 0.0018 0.0149 | 0.0037 | 0.0186 3,610
9.0 0.17 0.213 24.0 0.0167 0.0023 0.0144 | 0.0033 | 0.0177 3,480
9.0 0.17 0.213 23.8 0.0190 0.0021 0.0169 ( 0.0039 | 0.0208 3,430
9.0 0.17 0.212 23.6 0.0184 0.0017 0.0167 | 0.0043 | 0.0210 3,170
9.0 0.17 0.212 2).7 0.0188 0.0018 0.0171 0.0042 0.0213 3,480
9.0 0.17 0.215 21,9 0. 0220 -- -- -- -- .-
9.0 0.17 0.213 20.8 0.0220 -- -- .- .- --
9.0 0.17 0.215 22.8 0.0210 -- -- -- -- .-
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FACILITY ENTHALPY POTENTIALS HEAT TRANSFER RATE
(Bru 1b 1) bge2)
Ahmeas Ahcalc AhSOnic Ahcalc Shegie 9sR1 dsRI
cw SRI o] SRI FAC HW
HW Cw Cw
(4) (5) (6) (1) (8)
Martin Company 5,020 4,959 2,757 (84)
(Continuedg 4,960 2,697
5,050 1,000 6,104 (42)
4,630 6,203
4,890 4,700
4,633 4,780 7,452 5,868
5,021 7,578 6, 005
5, 000 5,934
12,280 8,000
11,958 8,050 16,520 | 20,004
11,480 15,567 | 19,246
12,430 19,948
2,838 1,900
2,900 1,850 3,408 3,592
10,276
9,837 1,900 11,252 9,818
9,363 11,924 9,788
4,972 4,900 7,532 8,228
4,707
5,119 4,850 5,043 2,763
5,094
5,094 900 5,583 2,877
5,070 900 5,705 6,104
4,870 900 5,570 5,968
North American Aviation, 2,430 2,080 2,530 2,333 2,386 .51 87.6
Incorporated 5,520 5,410 5,690 5,674 5,163 232
pat | s | oEm | M b 0,
1, 2 1,4 ! . 37.
Table C-12 10,300 | 9,250 o'850 | 9,528 | 9,616 .
5,400 5,790 4,952 5,150
2,450 2,630 2,395 2,403 .5
5,465 5,830 5,560 5,186
5,550 5,750 5,102 5,186
5,639 5,750 5,377 5,186
5,620 5,750 5,171 5,186
2,620 2,670 2,407 3,019 .6
10,015 9,850 9,736 9,480
3,040 3,170 2,542 3,732
2,946 2,710 2,890
5,513 5,750 5,172
2,580 2,630 2,911
1,300 1,350 1,269
9,980 9,850 9,337
3,180 3,350 3,414
2,607 2,780 2,253
5,567 5,790 5,368
5,707 5,810 5,986
5,373 5,810 5,020
2,640 2,850 2,525 T
1,826 1,420 1,743
9,103 9,850 8,020
3,015 3,150 2,833
(1) Ph lic~nylo del, 1 i i he dy-st eries, (5) osh = 24 g (R -
Pronoliconyion mosely o e T T catc ™ 2% B M) “hew =
(2) Phenolic-nylon model, medium run time in the steady-state Hw '

series, same tunnel conditions as (1)

(3) Phenolicenylon model, short run time in the steady-state series,

same tunnel conditions as (1)

meas htFAC

150

Enthalpy measured by the facility
minus a fixed wall enthalpy hey = 150.

Fathalpy calculated from SRI calorimeter plus a
fixed wall enthalpy hCw =150 minus hot-wall en-
thalpy equal to enthalpy of air at surface temp-

erature of the Tefion,

Teflon temperature esti-

mated by assuming that its vapor pressure equals

model stagnation pressure Pt .



APPENDIX C Concluded

NASA-Langley, 1966

CR-379

runse

151

MODEL NOZZLE SHOCK PRESSURE ;‘SRI CHAR MASS LOSS RATES FRONT
STAGNATION | EXPANSION RATIO HW DENSITY (1b sec_l ft—'z) SURFACE
PRESSURE RATIO PP Per TEMP

P A/A* v/t . -3 Tes

( ‘2) e AL €=0.85

atm - . . . . .
Predicted| Measured (Bta 1b 7) n, mCeR my mep mp (°R)
0.0276 9.0 0.17 0.130 25.8 0.0151 0.0023 0.0128 | 0.0025 | 0.0153 3,595
0.0276 9.0 0.17 0.130 26.2 0.0152 0.0024 0.0128 | 0.0024 | 0.0152 3,900
0.00539 9.0 0.17 0.457 23.2 0. 00699 0.0005 0.00648 | 0.0015 { 0.00800 2,800
0.00522 9.0 0.17 0.396 22.5 0.00721 0.0006 0.00664 | 0.0014 | 0.00808 2,810
0.0271 9.0 0.17 0.200
0.0271 9.0 0.17 0.199
0.0275 9.0 0.17 0.201
0.0276 9.0 0.17 0.202
0.0178 9.0 0.17
0.0179 9.0 0.17 0.205
0.0181 9.0 0.17 0.225
0.0179 9.0 0.17 0.209
0.0111 9.0 0.17
0.0111 9.0 0.17 0.136
0.00974 9.0 0.17 0.510
0.00968 9.0 0.17 0.482
0.00974 9.0 0.17 0.510
0.0240 9.0 0.17 0.212
0.0276 9.0 0.17 0.130
0.0263 9.0 0.17 0.125
0.0276 9.0 0.17 0.130
0.00552 9.0 0.17
0.00539 9.0 0.17 0.457
0.00539 9.0 0.17 0. 457
0.192 12.8 0.128 0.149 1,420 0.0645
0.190 12.8 0.128 0.148 2,225 0.106
0.120 12.8 0.128 0.148 1,335 0.0546
0.194 12.8 0.128 0.149 1,280 0.0313
0.202 12.8 0.128 0.169 0.129
0.191 12.8 0.128 0.148 23.0 0.0342 0.00224 | 0.0320 | 0.00985 0.0418 3,840
0,193 12.8 0.128 0.148 22.8 0.0187 0.00232 | 0.0164 | 0.00376 0.0201 3:410
0,190 12.8 128 0.148 26.2 0.0296 0.0031 0.0265 | 0.00745 | 0.0339 3,934
0.190 12.8 0.128 0.148 23.3 0.0304 0.00175 } 0.0286 [ 0.00945 | 0.0380 4,027
0.190 12.8 0.128 0.148 23.3 0.0358 0.0023 0.0335 | 0.0102 0.0437 3,870
0.190 12.8 0.128 0.148 28.4 0.0303 0.0039 0.0264 | 0.0070 | 0.0334 4,027
0.120 12.8 0.128 0.148 21.8 0.0160 0.0025 0.0135 | 0.00262 | 0.0161 3,430
0.205 12.8 0.128 0.169 31.0 0.0416 0.0043 0.0373 [ 0.0118 | 0.0491 4,240
0.424 12.8 0.128 0.143 23.0 0.0318 0.0059 0.0259 { 0.0045 | 0.0304 3,840
0.194 12.8 0.128 0.147
0.186 12.8 0.128 0.145
0.117 12.8 0.128 0.145
0.187 12.8 0.128 0.145
C.166 12.8 0.128 0.136
0.408 12.8 0.128 0.146
0.196 12.8 0.128 0.148
0.189 12.8 $.128 0.146
0.192 12.8 0.128 0.149
0.191 12.8 0.128 0.149
0.120 12.8 0.128 0.148
0.194 12.8 0.128 0.149
0.206 12.8 0.128 0.170
0.424 12.8 0.128 0.143
—1.2.5 . 0.5 -0.5
(6) .= (280 A*P w1 - (8) oh = 24 (R )P ) Enthalpy calculated from
‘ Ah(’:;"“: ¢ 3 ) hcw :,Z(l:c q(l;AlC eff ty facility calorimeter reading.
Enthalpy measured by sonic flow method minus a fixed cw
11 halpy hpy = 150, Ref. TND2132. a = g
wall enthalpy cw = 150, Ref. TND1333 and 2 9) USRI dgar Ahcalc Ahcalc
. - W
D Bheare = 24 45 (R 05, )05 Brenalpy caloulated " o o
SRI cw from SRI calorimeter
cw reading. (10) Data not used in correlations because model eroded asymmetrically,
(11) SRI calorimeter cold wall heating rate estimated from calibration



